RL-TR-94-222
Final Technical Report
December 1994

LINEWIDTH-INSENSITIVE
COHERENT ANALOG OPTICAL
LINKS

Stanford University

D.J.M. Sabido IX, and M. Tabara "ELECTE

L.G. Kazovsky, J. Fan, T.K. Fong, R.F. Kalman, QT ‘CD

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

19950321 158

DTIC QUALTTY INSPECTED )

Rome Laboratory
Air Force Materiel Command
Griffiss Air Force Base, New York




This report has been reviewed by the Rome Laboratory Public Affairs Office
(PA) and is releasable to the National Technical Information Service (NTIS). At
NTIS it will be releasable to the general public, including foreign nations.

RL-TR-94-222 has been reviewed and is approved for publication,

APPROVED: AW P w

JAMES R, HUNTER
Project Engineer

FOR THE COMMANDER: M M /,4%4/‘\

DONALD W. HANSON
Director of Surveillance & Photonics

If your address has changed or if you wish to be removed from the Rome Laboratory
mailing list, or if the addressee is no longer employed by your organization,

please notify RL ( OCPC ) Griffiss AFB NY 13441. This will assist us in maintaining
a current mailing list.

Do not return copies of this report unless contractual obligations or notices on a
specific document require that it be returned.




REPORT DOCUMENTATION PAGE | ov n6 7040188

Pubic reporting burden for this collection of information s estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send corm ments regarding this burden estimate or ary other aspect of this
colection of information, inciuding suggestions for reducing this burden, to Washington Headquarters Services, Directorate for inforrmiation Operations andReports, 1215 Jefferson
Davis Highwray, Sutte 1204, Arington, VA 22202-4302, ard to the Office of Managermert and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY {Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
December 1994 Final Oct 91 - Sep 94
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
C - F30602-91-C-0l41
LINEWIDTH-INSENSITIVE COHERENT ANALOG OPTICAL LINKS PE - 63726F
PR - 2863
6. AUTHOR(S) TA - 92
L.G. Kazovsky, J. Fan, T.K. Fong, R.F. Kalman, WU - 52
D.J.M. Sabido IX, and M. Tabara
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Stanford University
Department of Electrical Engineering, STARLAB/SEL

Stanford CA 94305-4055 N/A

9. SPONSORING/MONITORING AGENCY NAME (S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
Rome Laboratory (OCPC) AGENCY REPORT NUMBER
25 Electronic Pky :
Griffiss AFB NY 13441-4515 RL-TR-94-222

11. SUPPLEMENTARY NOTES
Rome Laboratory Project Engineer: James R, Hunter/OCPC/(315) 330-3143

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximurm 200 words)
This program has analyzed the performance of four classes of links as quantified by
spurious-free dynamic range (SFDR), RF power transfer ratio and noise figure, and
compared them to conventional detection links. The four classes analyzed were coherent
links, optically amplified links, angle modulated links, and combinations of these.
Experimental validation of the analysis was accomplished at 2 GHz and is described.
The linewidth-insensitive operation in all cases using both semiconductor laser and
solid-state Nd:YAG lasers has been demonstrated.

14, SUBJECT TERMS 15. Nzugngen OF PAGES

Analog optical links, Optical modulation, Fiber optic analog 16 PRIGE GODE
links, Analog optical remoting

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION (19. SECURITY CLASSIFICATION {20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANS| Std. Z39-18
298102




TABLE OF CONTENTS

Scope of this Report
Project Objectives
Executive Summary

Part 1: Introduction, Definitions, and Background

Chapter 1. Introduction to Analog Optical Links

1.1 Introduction

1.2 Previous Work and Current Approaches

1.3 Advanced Techniques
1.3.1 Coherent Detection
1.3.2 Optical Amplification
1.3.3 Angle Modulation
1.3.4 Technical Challenges

1.4 Scope of the Project

1.5 References

Chapter 2: Definitions and Background
2.1 Analog Link Performance Measures
2.1.1 Dynamic Range
2.1.2 Link Gain

2.1.3 Noise Figure

Accesion For

NTIS CRA& g
DTIC TAB
Unannounced |
Justification

By

Distribution |

Availability Codes

Dist

-

Avail and/or
Special

2.2 Theoretical Analysis of the Direct Detection Link

2.3 References

Part 2: Amplitude Modulated Coherent and

Optically Amplified Links

Chapter 3. Theory of Coherent AM-WIRNA Links

3.1 Homodyne AM-WIRNA Links

3.1.1 2-Port Homodyne Link Description

3.1.2 System Evaluation

3.1.3 K-port Homodyne Link Description

1/2

11
13
15

2]

23
23
23
24
24
24
25
25
26
27

28
28
28
30
30
31
34

35

37
37
38
39
42




3.1.4 2K-port Homodyne Link Description
3.2 Heterodyne WIRNA Link |

3.2.1 Link Description

3.2.2 System Evaluation

3.2.3 Link Dynamic Range
3.3 Comparison Between the Techniques
3.4 References

Chapter 4. Experimental Coherent AM Links
4.1 System Description
4.1.1 Optical Transmitter
4.1.1.1 Externally Modulated Optical Transmitter
4.1.1.2 Directly Modulated Optical Transmitter
4.1.2 Optical Receiver
4.1.2.1 Coherent Detection AM-WIRNA Receiver
4.1.2.2 Direct Detection Receiver
4.1.3 Two-Tone RF Input Signal
4.2 Direct Modulation Versus External Modulation
4.3 Analog Link Performance Measures: Theoretical Analysis
4.3.1 Spurious-Free Dynamic Range
4.3.2 Link Gain
4.3.3 Noise Figure
4.4 Demonstration of Phase Noise Cancellation
4.5 Impact of System Parameters
4.5.1 Linewidth and the IF Bandwidth
4.5.2 Relative Intensity Noise (RIN)
4.5.3 Received Signal Power
4.5.4 Laser Local Oscillator (LO) power
4.6 Link Gain and Noise Figure

4.7 Link Loss Measurements: Coherent Versus Direct Detection

4.8 References
Appendix. List of Devices Used

Chapter 5. Optically Amplified Links

5.1 Semiconductor Optical Amplifiers Versus Erbium-Doped Fiber

Amplifiers

3/4

43
45
45
45
47
47
49

51
51
52
52
54
54
55
56
56
57
59
59
61
61
62
65
65
67
68
71
73
75
76
78

79

79




5.1.1 SOA Characterization Results 80

5.1.2 EDFA Characterization Results 84
5.1.3 Comparison between their Characteristics 84
5.1.4 Link Performance Comparison 88
5.2 Theoretical Analysis 89
5.3 Expenimental Results: Impact of Received Optical Power 93
5.4 Dynamic Range versus Link Loss Measurements 95
5.5 References 100
Chapter 6. Improving the Link Performance 101
6.1 High Power Lasers 101
6.2 Lower Relative Intensity Noise (RIN) Lasers 102
6.3 Improving the Electro-Optic Modulator Response 102
6.4 Balanced or Dual-Detector Receiver 103
6.5 Improving the Link Gain and Noise Figure 106

6.6 Experiments with a Linearized Modulator, High Power and Lower RIN
Lasers 107
6.6.1 Description of the Modulator 109
6.6.2 System Description 109
6.6.3 Experimental Measurements 111
6.7 References 112
Chapter 7. AM Links: Conclusions 115
7.1 Summary 115
7.2 Recommendations for Future Work 116
7.3 References 117
Part 3: Angle Modulated Links 119
Chapter 8. Coherent FM and PM Links 121
8.1 Potential Improvement with respect to AM using Angie Modulation 121
8.2 Coherent PM and FM Links : 122
8.2.1 Link Descriptions : 122
8.2.2 Impact of Laser Linewidth, RIN, and Receiver Noise 123
8.2.3 SFDR _ 124
8.2.4 RF Power Transfer Ratio and Noise Figure 126




8.3 Results and Discussion
8.3.1 SFDR Comparison
8.3.2 RF Power Transfer Ratio and Noise Figure Comparison
8.3.3 Implementation Considerations
8.3.3.1 Optical Frequency Modulation
8.3.3.2 Operation at High Intermediate Frequencies

8.4 References

Chapter 9. Reference Transport Links: Interferometric Approach
9.1 Introduction: Reference Transport Links
9.2 Reference Transport in Analog Links
9.2.1 Reference Transport in Links Using Direct FM
9.2.2 Reference Transport in Links Using External PM or FM
9.2.3 Our Novel Approach: Interferometric Links
9.3 Optical Frequency Shifting in Heterodyne Interferometric Links
9.3.1 Single-Sideband Optical Frequency Shifters
9.3.2 A Novel Approach: Sideband Generation Using External
Modulation
9.4 Heterodyne Interferometric Angle Modulated Links
9.4.1 Link Descriptions
9.42 SNR
9.43 SFDR
9.4.4 RF Power Transfer Ratio and Noise Figure
9.5 Homodyne Interferometric Angle Modulated Links
9.5.1 Link Description
9.5.2 SNR
9.5.3 SFDR
9.5.4 RF Power Transfer Ratio and Noise Figure
9.6 Comparison of Interferometric Angle-Modulated Links
9.6.1 SFDR Comparison
9.6.2 RF Power Transfer Ratio and Noise Figure Comparison
9.6.3 Implementation Considerations
9.7 HIPM Link: Experiment
9.8 References

128
128
133
135
135
136
137

138
138
140
141
142
142
143
144

145
146
146
147
147
148
148
148
149
150
150
151
151
155
157
159
161




Chapter 10. Optically Amplified Interferometric Angle Modulated Links
10.1 Link Descriptions
10.2 SFDR
10.2.1 SFDR of a Generic Optically Amplified Interferometric Link
10.2.2 SFDR of the Optically Amplified HIPM and HIFM Links
10.3 Results and Discussion

Chapter 11. Discriminator Linearization
11.1 Method of Linearization
11.2 Results and Discussion

Chapter 12. Subcarrier Multiplexing in Angle Modulated Analog Links
12.1 SFDR in a Subcarrier-Multiplexed (SCM) Link
12.2 SCM Link Requirements
12.3 Results and Discussion
12.3.1 SCM Coherent Angle-Modulated Links
12.3.2 SCM Interferometric Angle-Modulated Links
12.4 References

Chapter 13. Angle Modulated Links: Conclusions
13.1 Summary
13.2 Recommendations for Future Work
13.2.1 Transmitter Design Considerations
13.2.2 Receiver Design Considerations

Part 4: Project Conclusions

Chapter 14. Summary and Comparison of Link Design
14.1 Comparison between Amplitude and Angle Modulated Links
14.2 Potential Link Applications
14.2.1 Broadcast and Distribution Networks
14.2.1.1 Experimental Comparison of Coherent AM and DD Links

14.2.1.2 Comparison of Coherent Angle Modulated and DD Links

14.2.2 Cellular Base Station to Antenna Connections
14.3 References

163
164
164
164
168
168

172

172
173

176
176
178
178
179
180
182

183
183
186
186
187

189

191
191
192
192
193
197
197
200




Chapter 15. Recommendations for Future Work

15.1 Directly Frequency Modulated Analog Links
15.1.1 Theoretical Work
15.1.2 Experimental Work

15.2 Impact of Fiber Characteristics on Analog Links
15.2.1 Theoretical Work
15.2.2 Expenimental Work

15.3 References

Part 5: A ndic

Appendix A. System Noises and Their Properties
A.1 Basic Noise Properties
A.l.1 Additive Noise
A.1.1.1 Thermal Noise
A.1.1.2 Shot Noise
A.1.2 Relative Intensity Noise
A.1.3 Phase Noise
A.1.4 Amplified Spontaneous Emission Noise
A.2 Noise in Angle Modulated Links
A.2.1 Baseband and Bandpass Noise

A.2.2 Power Spectral Density of the Receiver Noise and its Derivative
A.2.3 Power Spectral Density of the Phase Noise and its Denvative
A.2.4 Power Spectral Density of the RIN and its Derivative

A.2.5 Photodetector Matching Factor

A.3 Noise in Optically Amplified Angle Modulated Links

A.4 References

201
201
203
204
206
208
209
211/212

217

219
219
219
219
220
220
221
221
221]
222
222
223
224
225
225
226




Appendix B. Derivation of Amplitude Modulated Link Equations
B.1 2-port 90° Optical Hybrid Homodyne WIRNA System
B.2 K-port Optical Hybrid Homodyne WIRNA System
B.3 2K-port Optical Hybrid Homodyne WIRNA System

Appendix C. Derivation of Angle Modulated Link Equations
C.1 Coherent Angle Modulated Links
C.1.1 SFDR of Coherent PM and FM Links
C.1.2 RF Power Transfer Ratio and Noise Figure
C.1.2.1 Definition of RF Power Transfer Ratio and Noise Figure
C.1.2.2 RF Power Transfer Ratios of Angle Modulated Links
C.1.2.3 Noise Figures of Angle Modulated Links
C.1.3 Modulation Depth Limitations for External PM and External FM
C.2 Heterodyne Interferometric Links
C.2.1 SFDR of HIPM and HIFM Links
C.2.2 RF Power Transfer Ratio and Noise Figure
C.3 Homodyne Interferometric Links
C.3.1 SFDR of HIPM and HIFM Links
C.3.2 RF Power Transfer Ratio and Noise Figure
C.4 References |

227
227
23]
233

236
236
236
240
240
243
246
247
247
248
251
252
252
255
256




SCOPE OF THIS REPORT

This report covers the work performed during the three-year duration of Air Force
Contract No. F30602-91-C-0141. The termination date of the project is September
30, 1994. The report is organized as follows: The project objectives are presented. The
work performed during the project is briefly summarized. Part 1 gives introduction,
definitions, and background. Within Part 1, Chapter 1 presents an introduction to analog
optical links, to previous work in the field, and to advanced techniques. Chapter 2
defines the fundamental performance measures by which analog links are evaluated and
gives background on the conventional direct detection analog link.

Part 2 describes our work on amplitude modulated coherent and optically
amplified links. Chapter 3 describes our theoretical analysis of homodyne and
heterodyne coherent WIRNA (Wldeband - Rectifier - NArrowband) links. Chapter 4
describes and compares our experimental implementations of a directly and externally
modulated heterodyne WIRNA and direct detection links. Chapter 5 describes our work
on optically amplified direct detection and coherent links. Chapter 6 describes our
improvement of link performance using higher power, lower RIN lasers and linearized
modulators. Chapter 7 summarizes our work on AM links and gives recommendations
for directly related future work.

Part 3 describes our work on angle modulated links. Chapter 8 describes our
theoretical analysis of the performance and linewidth sensitivity of coherent phase
modulated and frequency modulated links. Chapter 9 describes our investigation of
conventional reference transport links, which are not adequate for wide-deviation analog
applications, and our development of a new class of linewidth-insensitive angle modulated
analog links: interferometric links. We present both theoretical analysis and the results of
our proof-of-concept experimental interferometric link. Chapter 10 presents our
theoretical analysis of the performance of optically amplified interferometric links.
Chapter 11 presentes our analysis of the improvement of angle modulated link
performance using discriminator linearization. Chapter 12 presents theoretical linewidth
and relative intensity noise limitations on coherent angle modulated and interferometric
subcarrier multiplexed links for a variety of applications. Chapter 13 summarizes our
work on angle modulated links and gives recommendations for directly related future
work.

Part 4 provides conclusions to the project. Chapter 14 compares the performance
of AM and angle modulated links for a variety of applications. Chapter 15 gives
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recommendations for potential future work on analog links which is of great interest.
Chapter 16 lists publications stemming from this project. Chapter 17 lists contributors.

Part 5 provides appendices. Appendix A discusses system noises and their
properties. Appendix B provides derivations of amplitude modulated link equations.
Appendix C provides derivations of angle modulated link equations.
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PROJECT OBJECTIVES

The objective of this project is to unite the potential of coherent analog optical
techniques with the practical advantages of semiconductor lasers. At the commencement
of this project, we anticipated that we would produce:

. A general theory predicting the performance of coherent optical analog links
utilizing wide linewidth semiconductor lasers. This theory will apply to systems
utilizing a wide variety of modulation formats and demodulation techniques.

. Models of critical components appropriate for our analysis, including
semiconductor lasers, optical amplitude and phase modulators, optical amplifiers,

and microwave rectifiers and delay-line discriminators.

. Linewidth-insensitive system designs.

. Demonstrations of linewidth-insensitive links.

. Characterization and evaluation of experimental linewidth-insensitive links.

. Suggestions of directions for future work leading to more robust, higher

performance fielded systems.
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EXECUTIVE SUMMARY

During this project, we have analyzed the performance of four classes of links as
quantified by spurious-free dynamic range (SFDR), RF power transfer ratio, and noise
figure, and compared them to conventional direct detection links. These four classes are
coherent links, optically amplified links, angle modulated links, and combinations of the
above. To show the validity of our analyses, we have also constructed links which fall
into the above four classes. We have measured the performance of these experimental
implementations as quantified by the above performance measures. We have met the
project objectives in our investigation of coherent and angle modulated links and have
exceeded them in our investigation of optically amplified links.

During our investigation of linewidth-insensitive amplitude-modulated links, we
have studied theoretically four types of these links:

* homodyne AM-WIRNA links:
(a) 2-port homodyne link;
(b) K-port homodyne link; and
(c) 2K-port homodyne link, with K>1;
heterodyne AM-WIRNA links;
optically amplified direct detection links;
» optically amplified heterodyne AM-WIRNA links.

We show that the 2-port homodyne link suffers from degradation caused by
baseband processing, while the 2K-port link obtains the best performance, although the
structure is complicated in practice. The 2K-port link is the only homodyne link which
has an FLDR which is not inherently limited by receiver noise cross terms at high
received optical powers. The 2K-port homodyne system has very similar performance to
the heterodyne system., except that in the heterodyne system the bandwidth of the IF
filter should be twice as much as that in the homodyne system. In both cases, the
bandwidth of the IF filter must be sufficiently large to avoid the conversion of the phase
_ noise characteristic of semiconductor lasers to amplitude noise during receiver processing.

We have successfully built and tested the following links operating at 2 GHz:

» a conventional direct detection link;
* a heterodyne AM-WIRNA link;
* adirect detection link with a semiconductor amplifier;
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» adirect detection link with an erbium-doped fiber amplifier;
* a heterodyne AM-WIRNA link with a semiconductor amplifier;
* a heterodyne AM-WIRNA link with an erbium-doped fiber amplifier;

We have demonstrated linewidth-insensitive operation in all cases using both
semiconductor lasers and solid-state Nd:YAG lasers. Using semiconductor lasers, we
have demonstrated that coherent links significantly outperform direct detection links for
received optical powers below 100 uW. Using optical amplifiers, we have demonstrated
that for medium loss (link loss between 10 to 25 dB), direct detection links perform better
than coherent links because of the stronger impact of RIN on the coherent AM link.
However, the coherent AM link outperforms the DD link for high loss (loss greater than
28 dB) links due to the better sensitivity of the coherent receiver caused by the presence
of an LO laser.

For low received optical power (< 100 uW), optical amplification, coherent
detection, or both can be used to improve the dynamic range of the links. However, for
high received optical power (>1 mW), the conventional direct detection link gives the best
performance. The shot noise-limited SFDR of the conventional direct detection link is 2
dB higher than that of the amplified direct detection and coherent AM link; this is due the
3 dB noise figure of the optical amplifier in the amplified link and the extra signal
processing in the coherent receiver for the coherent AM link. We have also shown that
the coherent AM links are more sensitive to RIN than the direct detection links. The
RIN-limited SFDR of the coherent AM links is 4 dB worse than that of the direct
detection links.

Our experiments provide strong evidence that the dynamic range of coherent AM
links can be improved by using better devices. The SFDR of 115 dB-Hz?/3 we obtained
using Nd:YAG lasers, a linearized modulator, and a balanced receiver is the best dynamic
range ever attained with a coherent analog link; it was obtained using modest optical
powers of 1 mW LO and 0.5 mW received optical signals, and this was because we were
limited by the saturation of our photodetector for higher optical powers. We are
confident that even higher SFDR values can be obtained using much better devices. In
addition, we have experimentally obtained up to 34 dB reduction in third-order IMD, the
largest reported for any modulator linearization scheme for any type of analog optical
link.

Due to the large potential transmission bandwidth of optical fiber, optical
transmission systems are well-suited to handle the expanded bandwidth of wideband
angle modulated signals. Our investigation of angle modulated links during this project
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has been motivated by a desire to see the same signal-to-noise ratio (SNR) improvements
in fiber systems that are exploited in commercial FM radio and video.

We present the spurious-free dynamic ranges (SFDRs), RF power transfer ratios,
and noise figures of coherent phase modulated (PM) and frequency modulated (FM) links
using either direct modulation of the grating section current of a laser diode or external
phase modulation. We found that coherent angle modulated systems are intrinsically
sensitive to phase noise because their signal information is contained in the optical phase.
For a combined transmitter laser and local oscillator laser linewidth of 20 MHz, phase
noise is the dominant noise in PM and FM links for received optical power levels above
-30 dBm, and limits the SFDR to 30 dB and 31 dB in a 1 GHz bandwidth for PM and
FM links, respectively. For a combined linewidth of 10 kHz, phase noise dominates the
noise characteristics for received optical power levels above -5 dBm, and limits the SFDR
to 51 dB and 53 dB in a 1 GHz bandwidth for PM and FM links, respectively. Angle
modulated links can exhibit substantial RIN insensitivity through the use of a limiter in
the receiver and by operating at an IF well above the RIN roll-off frequency. The
linearity of angle modulated links tends to improve for high IFs due to the improved
linearity of the phase or frequency discriminator in the receiver.

We find that externally angle modulated coherent links are inherently more lossy
than externally amplitude modulated links, due to the large losses of the integrator and
discriminator filters in these links. Extra amplification is required before these filters for
these links to attain their SFDR potential. The directly frequency modulated coherent
link, on the other hand, is less loésy than externally amplitude modulated links due to its
high conversion efficiency of input RF power to optical frequency deviation. The
difficulty with directly frequency modulated links is that it is difficult to guarantee a
linear frequency versus current characteristic over many GHz in conjunction with a
sufficiently low linewidth.

We then consider reference transport as a means of transmitter phase noise
cancellation (PNC) in angle modulated analog links. We found that reference transport in
links using direct frequency modulation is not a useful means of PNC because laser phase
noise in links using direct FM is equivalent to white noise in the original applied RF
signal. We found that reference 'tranéport in externally angle modulated links requires
frequency shifting of the reference to facilitate demodulation of the PM or FM signal. As
a result, we analyzed a novel class of linewidth-insensitive analog links: interferometric
angle modulated links. Linewidth insensitivity is attained through the transport of a
reference derived from the transmitter laser in the same fiber as the optical field carrying
the desired signal. The IF frequency shift required for demodulation of FM and PM
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signals is generated using a novel electro-optic quasi-single sideband (SSB) frequency
shifter in heterodyne interferometric links and using mixers at the receiver in homodyne
interferometric links.

We present the SFDRs, RF power transfer ratios, and noise figures of heterodyne
and homodyne interferometric PM and FM links. Since interferometric links are more
linear than externally amplitude modulated links for high intermediate frequencies, the
phase modulated interferometric links (HIPM and HPM) show about a 2 dB SFDR
advantage over amplitude modulated links at low received optical powers. The frequency
modulated interferometric links (HIFM and HFM) show a corresponding 5 dB SFDR
advantage. As laser relative intensity noise (RIN) becomes dominant for received optical
powers above 1 mW, the potential SFDR advantage of the interferometric links increases.
At a received optical power of 10 mW, the HIFM link shows an 11 dB SFDR advantage
over a direct detection link for a laser RIN of -155 dB/Hz. For a laser RIN of -130
dB/Hz, the HIPM link shows a 24 dB SFDR advantage over the direct detection link.
Heterodyne interferometric links are partially insensitive to laser RIN because the signal
information is in the optical phase. However, they are not completely insensitive to laser
RIN due to the RIN of the optical reference. Homodyne interferometric links are less
insensitive to laser RIN because baseband RIN is converted up to the intermediate
frequency of the receiver.

Interferometric links are also significantly more lossy than externally amplitude
modulated links. They share the lossy integrator and discriminator filters of the coherent
angle modulated links and have additional optical losses due to the optical reference
transport. As a result, significant amplification is again required for interferometric links
to reach their SFDR potential. |

We briefly describe a proof-of-concept experimental demonstration of an HIPM
link to verify the potential of interferometric links. A 23 dB suppression of third-order
nonlinearities (7.7 dB SFDR improvement) over that of a conventional direct detection
link is obtained using an HIPM link with an intermediate frequency of 650 MHz and
signal frequencies of 47.5 and 52.5 MHz. Data is presented which shows the significant
impact of receiver nonidealities, indicating that the SFDR improvement can be nearly
twice as large in a carefully optimized system.

We consider the use of optical amplifiers to increase the available optical power in
interferometric links. We derive the SFDR expressions for optically amplified
interferometric PM and FM links and show that for realistic antenna remoting system
parameters (including modulator and link losses), the HIPM and HIFM links have the
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potential to improve link SFDRs by 6 dB and 9 dB, respectively, over an optically
amplified direct detection link.

We consider a simple method for discriminator linearization to improve angle
modulated link SFDR. Assuming realistic antenna remoting system parameters, a
linearized HIPM link can potentially gain 7 dB of SFDR over an unlinearized HIPM link
at a received optical power of 10 mW.

We consider the use of subcarrier multiplexing (SCM) as a means of transmitting
many narrowband channels using a single transceiver. The derived results are used to find
signal power, laser linewidth, and laser RIN requirements for analog video systems, SCM
digital systems, and antenna remoting systems. For AM video and antenna remoting
applications, low-linewidth sources such as Nd:YAG lasers are needed for PM and FM
coherent systems. For these same applications, the amplitude modulated links need
extremely high received optical powers and low RIN due to the high required CNRs.
Even if optical amplifiers (OAs) are used in the amplitude modulated links, noise
associated with the spontaneous emission of OAs and the received power limitations on
the photodiode may prevent the fulfillment of the SFDR requirements in that link. For
FM video and SCM digital applications, presently available semiconductor laser diodes
can easily fulfill the requirements on the laser transmitter in the direct detection and the
coherent systems. Interferometric links behave similarly to the direct detection and
coherent AM links, with less stringent RIN requirements. '

The fundamental conclusion which we draw from our work on angle modulated
links is that coherent angle modulated links are promising for low received powers (< 1
mW) and low laser linewidths, while interferometric angle modulated links are promising
for high received powers (> 1 mW). As a result, coherent angle modulated links are
potentially useful in distribution and other high-loss links using solid-state Nd:YAG or
low-linewidth (< 100 kHz) semiconductor lasers. Interferometric links do not have
linewidth requirements but do require high-power semiconductor lasers and optical
amplification. All externally angle modulated links are lossy in the RF domain and require

more RF amplification than in externally amplitude modulated links.
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PART 1:
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Chapter One

Introduction to Advanced Analog Optical Links

1.1 Introduction

Applications involving multiple remote antennas require the transport of
wideband analog signals. Optical fiber provides a nearly ideal signal transport medium
due to its extremely low frequency-independent loss and low dispersion.

The objective of an analog link is to transport an analog signal from one site to
another with high fidelity. The fidelity is commonly characterized by a number of
performance measures. A very important performance measure is the dynamic range.
The spurious-free dynamic range (SFDR) is the ratio of the largest usable output signal to
the smallest. The largest usable signal is often limited by the spurious signals resulting
from intermodulation products (IMPs) produced by the system nonlinearities while the
smallest usable signal is limited by the noise power. Another fundamental measure is the
RF power transfer ratio, that measures the efficiency with which the link transfers the
input microwave power to the output. It is important to achieve high transfer ratio,
especially at high frequencies, because low noise electronic amplifiers are not trivial to
implement. In addition, the links' noise performance has to be addressed, which is often
characterized by the noise figure (NF).

Analog links often require high dynamic range, high RF transfer ratio and low
noise figure. These have been difficult to achieve with current approaches. In Section
1.2, we will review the current approaches in constructing analog optical links and some
of the techniques studied in improving their performance. Section 1.3 will outline the
background of the advanced technique we proposed to studies in this project while a
scope of this project is contained in Section 1.4.

1.2 Previous Work and Current Approaches
The most straightforward modulation technique is amplitude modulation (AM).

AM can be used in direct detection analog optical systems. To date, the two most
popular AM direct detection links are: direct modulation of semiconductor lasers and
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external modulation of lasers using lithum niobate integrated optical Mach Zehnder

modulators.
1.3 Advanced Techniques

1.3.1 Coherent Detection

The use of coherent detection allows considerable flexibility in the implementation
of analog optical systems. Coherent systems can utilize alternative modulation formats
such as phase and frequency modulation, which can lead to improved dynamic range and
noise figure. In WDM systems, coherent detection offers the additional advantage of
excellent frequency selectivity. Because coherent analog systems preserve optical phase
information, fiber dispersion effects can be compensated in their receivers. This may be

important for long, high bandwidth links.

1.3.2 Optical Amplification

Optical amplifiers have been heavily deployed in the field of long-distance digital
telecommunications. In such applications, optical amplification is used to overcome
propagation losses incurred over long spans of fiber. The motivation for optical
amplifiers in analog links is somewhat different than for long-distance digital links. Many
(but not all) analog link applications involve relatively modest optical losses between the
transmitter and receiver. Despite this fact, there is still substantial motivation to

investigate optical amplifiers for our application, including:

+ improving the RF power transfer ratio. Because low noise high bandwidth
electronic amplifiers are not trivial to implement, this is an important contribution
to the link performance;

» compensating for optical power splitting losses in analog distribution systems.
There are various applications in which it is desirable to distribute one or more
microwave signals to multiple signal processors. In these applications, the signal
power may be split many ways, and the gain provided by optical amplifiers can

compensate for this splitting loss.
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1.3.3 Angle Modulation

Angle modulation can potentially improve analog optical link performance as
compared to AM in exchange for wider bandwidth. However, there are several difficulties
which must be overcome for wideband angle modulated links to become feasible
alternatives for conventional AM links. Some of these include:

. Nonuniform laser FM response and nonlinear frequency versus current
characteristics in directly modulated FM systems.

. Construction of microwave discriminators which are highly linear over a frequency
range of several to upwards of 10 GHz.

. Development of linewidth-insensitive angle modulated links which enable the use
of rugged, compact, and efficient conventional semiconductor lasers without

linewidth-induced performance degradation.

There have been few researchers who have attempted to conquer the problems of
angle modulated analog optical links. Plessey et al., during a recent Air Force funded
project, investigated linewidth-insensitive separate-fiber reference transport
configurations. These types of reference transport links, though feasible for digital phase-
shift-keying systems, are not feasible for angle modulated analog links, as is explained in
Chapter 9 of this report. Seeds et al. [2] built a directly modulated coherent FM link but
had difficulties with a nonoptimal receiver. Neither of these groups provided a
comprehensive theoretical analysis of angle modulated analog optical links or developed
an angle modulated analog link which is potentially linewidth-insensitive.

1.3.4 Technical Challenges

There exist a variety of difficulties in implementing these techniques.
Semiconductor lasers are attractive for use in the transmitter and local oscillator in
coherent optical links due to their small size and weight, high electrical-to-optical power
conversion efficiency, and rugged construction. However, semiconductor lasers have wide
optical linewidths, which can cause substantial degradation of the performance of
coherent analog links; this phenomenon represents a major obstacle to the practical
application of coherent techniques to analog optical links and to the use of angle

modulation in analog optical links.
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As with other amplifiers, optical amplifiers add noise to the amplified signal.
Broadband spontaneous emission noise is generated in the course of amplification and can

result in substantial degradation in performance.

1.4 Scope of the Project

The objective of this project is to unite the potential of coherent analog optical
techniques with the practical advantages of semiconductor lasers. Our goals have been to

produce:

. A general theory predicting the performance of coherent optical analog links
utilizing wide linewidth semiconductor lasers. This theory will apply to systems
utilizing a wide variety of modulation formats and demodulation techniques.

. Models of critical components appropriate for our analysis, including
semiconductor lasers, optical amplitude and phase modulators, optical amplifiers,

and microwave rectifiers and delay-line discriminators.

. Linewidth-insensitive system designs.

. Demonstrations of linewidth-insensitive links.

. Characterization and evaluation of experimental linewidth-insensitive links.

. Suggestions of directions for future work leading to more robust, higher

performance fielded systems.

During this project, we have analyzed the performance of analog optical links as
quantified by spurious-free dynamic range (SFDR), RF power transfer ratio, and noise
figure, and compare their performance to that of conventional direct detection links. The
advanced links which we have considered are coherent links, optically amplified links,
angle modulated links, and combinations of the above. To show the validity of our
analyses, we have also constructed several of the above advanced links. We have
measured the performance of these experimental implementations as quantified by the
above performance measures. We have met the project objectives in our investigation of
coherent and angle modulated links and have exceeded them in our investigation of

optically amplified links.
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Chapter Two

Definitions and Background

In this chapter, we review some background material that will be used extensively
in the succeeding chapters. Section 2.1 presents the analog link performance measures:
dynamic range, link gain and noise figure. Section 2.2 gives a theoretical analysis of the
direct detection link since this link will be used as the "baseline” system from which other

links suggested and studied will be comparéd to.
2.1 Analog Link Performance Measures

In this section, the three most widely used performance measures for analog links
are defined and estimates of the theoretical performance of the coherent AM link are
presented. This section starts with a discussion of the spurious-free dynamic range,
followed by the link gain, and then the noise figure.

2.1.1 Dynamic Range

The dynamic range (DR) is defined as the ratio of the maximum input RF power

Pin max 0 the minimum input RF power P}y, min that can be carried by the fiber optic

link [1]:

P
DR = 101og(—wj 2.1)

in,min

Since the square of the modulation index m is proportional to the input RF power, Eq.

(2.1) can be rewritten as follows:

2
DR = 101og(%) 2.2)

min
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where mmin and mmay are the minimum and maximum modulation indices that the
system can handle, respectively. mpmip is the modulation index of the input signal that
results in equal signal and noise powers (SNR = 1). For systems with inherent
nonlinearities in its components (in other words, for all practical systems), the maximum
modulation index is limited by third order intermodulation distortions (IMD). To
evaluate the relative magnitude of the IMDs, two equal amplitude signals at frequencies
w; and w; are transmitted through the system and the amplitude of the third order terms
at frequencies 2w, -w; and 2@, - w; are measured. The third order IMDs increase as
the cube of the input voltage while the useful signal grows linearly. This behavior is
illustrated in Fig. 2-1(a). mmqx is the value of m that makes the IMD power equal to the

noise power.

.2 _ /2
Uimp P Lnoise f|m

where ippsp and iy ;. are the third order distortion and noise currents at the output of

(2.3)

the receiver, respectively. When mpqy is defined as per Eq. (2.3), the ratio defined by
Eq. (2.2) is called the spurious-free dynamic range (SFDR):

Third-order m =1
. max
RF - IMD RF

Output Output !
Power, Power, :
dBm dBm Signal |
Mmax !
Mmin :
Noise |

purious-fite R Input | Dynamicrange | RF Input
dymge Power, dBm @M‘"‘.‘P Power, dBm

(@) (b)

Fig. 2-1. Definitions of the dynamic range: (a) The spurious-free dynamic range (SFDR);
(b) The fundamental limit of the dynamic range.

2
SFDR = lOlog[—l-'—'ﬂ)'—’"’ﬂ‘-’—} (2.4)
m

signal=noise
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In the absence of any nonlinearities mmqx equals one and Eq. (2.2) becomes

FLDR = 101og(-1—) @5)

min

where FLDR is the fundamental limit of the dynamic range (FLDR) illustrated in Fig. 2-
1(b). Clearly, SFDR can never exceed FLDR.

2.1.2 Link Gain

The RF power transfer ratio, or link gain, G of the link is defined as the ratio
of the RF power at the link output, S, to the RF power at the link input, S;:

G= (2.6)

Y&

2.1.3 Noise Figure

Noise figure measures the degradation in the signal-to-noise ratio (SNR) between
the input and output of a link and is defined as:

=—2 2.7

where S; and N; are the input signal and noise powers; S, and N, are the output signal

and noise powers; and G is the link gain discussed in the previous section. By definition,
the input noise power is the noise power from a matched resistor, N; = kTB, where k is

Boltzmann's constant; T is the resistor temperature; and B is the signal bandwidth. The
output noise power can be expressed by:

N, =GN;+nB (2.8)

where hB is the additive noise introduced by the link. Substituting N; = kTB, we can

express the noise figure as:
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F=le—l (2.9

GkT

2.2 Theoretical Analysis of the Direct Detection Link

In this section, we review direct. detection links. The results of this section will
serve as a basis for comparison with the coherent links presented in the succeeding
chapters.

The block diagram of an externally modulated direct detection system is shown in
Fig. 2-2. The light from the transmitting laser is modulated by an external Mach-Zehnder

modulator.
Input
signal
Transmitter

laser e (1) i (t) w (1)
S o % o
o Fiber signal
Amplitude Photodetector

modulator

Fig. 2-2. Block diagram of a direct detection receiver.

It can be shown that the received optical field es(t) is given by:

e ()= \/f;{exp( Jlot+ ¢, O+m-x(0)])+ exp( jliw:t +¢,.()+ %D} (2.10)

where x(?) is the input RF voltage (normalized to unity amplitude); Ps is the received
optical power; @y and ¢ps(t) are the optical carrier frequency and phase noise of the laser
transmitter, respectively; and m is the modulation index defined by the following

expression:

v
m=12r-—‘-/—”— (2.11)

where Vp is the peak amplitude of the applied RF voltage and Vp is the half-wave voltage

of the modulator. The output current of the photodetector is:
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ir (2) = Rle, @[ +n(1) = RP[1+sin(m- x()]+ (1) 2.12)

where R is the photodetector responsivity and n(?) is the additive white Gaussian noise at
the output of the photodetector consisting of the shot and thermal noises. The single-
sided PSD of n(t) is given by:

S,(f)=n=77,h+77,h=2eRPs+#, for 0 <f <oo (2.13)

where hgj, and hyy, are the PSD's of the shot noise and thermal noise, respectively, e is the

electron charge, k& is the Boltzmann's constant, 7 is the receiver noise temperature, and r is
the input resistance of the amplifier.

To determine the fundamental limit of the performance of this system, we assume
for a moment that the external modulator is replaced by an ideal modulator having no
nonlinear distortions in the region of operation. Then sin(mx(?)) = mx(?) and Eq. (2.12)

becomes:

Fundamental limit: i; (1) = RP,[1+m-x(t)]+ n(t) (2.14)

The SFDR is evaluated by assuming a nonlinear external modulator with the third

order terms being the dominant IMDs. In this case,

3
sin[m - x(£)] = m- x(1) —[—"—’%(’)1- (2.15)
and Eq. (2.12) becomes
: 3
i(t) = RPS{I +m-x(t) -Li"—é-(ﬂ]—} +n(t) (2.16)

Similar to [2] and [3], we assume the low pass filter to have an impulse response
of
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1
2B7 y
forte [0 ZB]
h )= 1 2.17)
0, forte [0, -——J )
2B

where B is the noise equivalent bandwidth. The output signal w(?) is then expressed as:
w(t) = h (1) (1) (2.18)

Substituting Eqs. (2.14) and (2.17) into Eq. (2.18) and evaluating the total received
power, the SNR and FLDR are found to be:

1/2 - m*R*P? -smcz(&)
47B

SNR = (2.19)

nB

R*P?. sincz( On )
4nB

FLDR =10log (2.20)

21nB

where 1) is the PSD of the additive noise given by Eq. (2.13), and @,), is the frequency (or

center frequency of the two-tone signal) of the transmitted RF signal. Similarly, using
(2.16) in (2.18) and evaluating the total output power, the SFDR is found to be:

%
R*P? -sinc? (—w’" )
ezl .21

SFDR =10log| 4
nB

The numerators of Egs. (2.19), (2.20), and (2.21) represent the signal while their

denominators represent the noise.
Using (2.6) and following the procedure outlined in [4, 5], the gain for the direct
detection link, G, is given by:
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2
R RP
G, = (” > ) (2.22)

while using Eq. (2.9), the noise figure is:

Faq =1+ -———GZJ"ZT (2.23)

where 747 and Gg4g are given by Eqgs. (2.13) and (2.22), respectively.
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Chapter Three

Theory of Coherent AM Links

In Chapter 1, we have seen that the laser phase noise associated with the wide
linewidth of semiconductor lasers can cause substantial performance degradation in
coherent analog links. This phenomenon represents a major obstacle to the application of
coherent techniques to analog optical links.

Conventional synchronous receivers requires phase-locking between the
transmitter and the LO lasers. The phase-locking is difficult to achieve and leads to
extremely stringent requirements on the laser linewidth. Asynchronous receivers using
WIRNA (WIdeband-Rectifier-NArrowband filter) processing have been shown to be
effective in achieving laser linewidth insensitive performance in ASK (amplitude shifted
keying) homodyne and heterodyne digital systems [1], [2]. Since the phase information is
discarded in the WIRNA receiver, it works effectively with amplitude modulation.

In this chapter, the analog version of the ASK-WIRNA homodyne and heterodyne
digital systems are analyzed. In Section 3.1, a multiport homodyne WIRNA link is
studied while Section 3.2 investigates the performance of a heterodyne WIRNA link.

Section 3.3 examines the practical issues encountered in the implementation of these links.
3.1 Homodyne AM-WIRNA Links

In homodyne systems, the frequency of the incoming signal and the LO are the
same. Since the electrical output of the photodetector is a baseband signal, large
bandwidth photodetectors are not required. Also, baseband processing can avoid
degradation due to overlapping of the signal spectrum with the noise peak of
semiconductor lasers.

In this section, we discuss three types of homodyne WIRNA links: (a) a 2-port
homodyne link, (b) a K-port homodyne link and (c) a 2K-port homodyne link (for K>1).
We show that the 2-port homodyne link suffers from degradation caused by baseband
processing, while the 2K-port link obtains the best performance, although the structure is

complicated in practice.
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3.1.1 2-Port Homodyne Link Description

The block diagram of an externally modulated coherent AM link using an optical
90° hybrid phase diversity WIRNA homodyne receiver is shown in Fig. 3-1. The optical
signal from the transmitter laser is modulated by an electro-optic modulator. The optical
frequency of the local oscillator is same as that of the optical signal. The optical signal and
the local oscillator output are combined by an optical 90° hybrid. The polarization state
of the received optical signal is tracked using a polarization controller and a feedback
control technique is used to match the polarization state of E; o(?) with Es(z). In addition,
an automatic frequency control (AFC) loop is used to keep the LO laser frequency equal
to the laser frequency of the transmitter. Each of the two outputs of the optical 90°
hybrid is sent to a photodetector and then through a DC block to a wideband lowpass
filter. Then, using square-law detectors, each signal is multiplied with itself. The two
output signals are combined at this point, and the phase noise terms are canceled due to
the phase difference produced by the optical 90° hybrid. Finally, the combined signal
passes through a DC block and a narrowband lowpass filter.

Optical 90°

. RF signal :
Signal x(t) hybrid (I;htot(z Wideband  Square
Laser etector LPF Law
Detector
—» 1< >? 0 => N >
s El o | f
External ! Narrowband
LPF
Modulator H
‘ y
1
5 > 90 RF output
Local oscillator L ‘ Ez vV, > signal
Laser 0 a0 |-
H4f)

L1,

B,

Fig. 3-1. Block diagram of the homodyne AM-WIRNA link.
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Table 3-1. Definition of the variables

Es Ep Phasor of the optical signal and local oscillator
E; E; Output phasor of the optical hybrid port 1 and port 2
Wg W10 Optical signal and local oscillator frequency
@5, Pro Phase noise of the optical signal and local oscillator
v Combined linewidth of the signal and the local oscillator lasers
m Modulation index to the external modulator
x(1) Normalized RF input signal to the modulator
Py Received optical power
P, Local oscillator optical power
L Total loss of the optical hybrid from an input port to an output port
A =RL; coefficient of the signal amplitude for homodyne links
C =R 2P P,,; coefficient of the signal amplitude for homodyne links
B Bandwidth of the lowpass filter (first stage: wide bandwidth)
B) Bandwidth of the lowpass filter (last stage: narrow bandwidth)

3.1.2 System Evaluation

The light from the transmitter laser is modulated by an external Mach-Zehnder
modulator. To accomplish quasi-linear modulation, the modulator is biased at the half

power point; the output optical power of the modulator can be expressed as:

P . .
E(t)= 1/75[1 +r, O exp (@, + 9,()+ m-x(0)] + exp| j(w,0 + 9,0+ 7/2)[} (B.1)
The output of the LO laser has a complex amplitude E7 o(?) given by:

Ep(8) = [Pio[1+1,0(0] - exp{ o0 + 6,0 0]} (3.2)
After the photodetector, the signal current is as follows:
i(t) = s(t)+n(t) (3.3)

where s(?) is the IF signal and n(?) is the additive noise process. The receiver performance
is affected by noise in two ways: (a) phase noise and (b) additive noise. A description of
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the noise processes and their properties can be found in Appendix A. The output current
of the photodetectors are given by:

i\(1) = A(P, sinx(r) + /2P, Py, {cos|x(t)+ p()] = sin §(1)} ) + m (1) (3.4)
L) = A(PS sinx(t) + 2P, P, {sin[x(8) + ¢(£)] + cos ¢(z)}) +n,(1) (3.5)

where f{1) is combined phase noise of the signal laser and the local oscillator laser given
by fl)=1s()-fLo(), and n,(t) and n,(1) are two independent additive white Gaussian noise

processes with power spectral densities 7, =17, =7n=71,+2gRL(P,+P,). To
evaluate the SNR of the system in Fig. 3-2, we assume a normalized sinusoidal RF input
signal x(r) = cos(27f, t + 6), where fy, is the signal frequency and g is the random initial

phase uniformly distributed between 0 and 2p. The output of the link contains five terms:

(a) recovered signal with the power Ps;

(b) direct detection squared term P2yp (second harmonic term);

(c) direct detection - phase noise product with the power Pjrocs phase:

(d) signal-cross-white additive noise product with the power Pg;onainoises

(e) white additive noise squared term with the power Pypise-white-

We assume that the bandwidth of the wideband lowpass filters is sufficiently large
such that the amplitude noise to phase noise conversion is negligible. This filter helps to
reduce the impact of the white additive noise [1].

Evaluating the power of each component, the output signal-to-noise ratio (SNR)

can be expressed as:

. P .
SNR — signal

P2HD + Pdirecl—phase + P.ngnal—whue

+ Pwlu'xe—while

8A‘P2P; . m’
%—A“me“ +8A*P> P, m*(1-T,)+16AP,P,,B,1(1-T,)+21°B,(4B, ~ B,)

(3.6)
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Fig. 3-2. FLDR of the 2-port homodyne AM-WIRNA receiver vs. received optical
power.

where G; and G; expresses a portion of the noise power outside the signal bandwidth

given by

, if Av< 2B,

G3.7)
. if Av> 2B,

r, =AY j(B+8 (3.8)
27B, \ B, - B,

Av is the total linewidth of the signal and local oscillator lasers and B; and B are the
wideband and narrowband filter bandwidth, respectively. From Eq. (3.6), the FLDR is
obtained as:

FLDR =

8A*PIP?,
%A“Pf +8A*PP,(1-T,)+16A°P.P,,B,n(1-T,)+2n"B,(4B, - B,)

(3.9)
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Fig. 3-2 shows the dependency of the FLDR on the optical received power. For
this graph, values of the parameters are chosen as B} = 1 GHz, B, = 6 MHz, Av =
20MHz, and P; o = 10dBm. Inspection of the graph reveals that for high received optical
power, the FLDR becomes worse. It is because of the noise term generated by the
multiplication of the direct detection term and the phase noise term. From this graph, we
conclude that the 2-port homodyne system cannot achieve high dynamic range.

80 v —
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0 <t/ TIDR Ty ) < _ .
White:white noise product/ ~. - FLDR limit by
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1520 \_\ -
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40 \\anHD |
30+ \\4. -
\\5.
20+ i
\\
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Y
10 " i " " " " i i
-40 -35 -30 -25 -20 -15 -10 -5 0 5 10

Ps (dBm)

Fig. 3-3. FLDR of the multi-port homodyne AM WIRNA receiver vs. received optical
power.

3.1.3 K-port Homodyne Link Description

To increase the dynamic range, a multi-port homodyne system can be used. In a
K-port homodyne system, the P i ecr.phase NOISE term, which limits the performance in
the 2-port homodyne system, is canceled because of the symmetry in the optical hybrid.
The structure of this system is similar to the 2-port system, except it uses an K-port
optical hybrid and K sets of receivers [1]. The resulting FLDR 1s
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FLDR = Pn'gml

P2HD + Pa'gml-wlu’re

+ Pwhiu-wlu‘re

=2
N?A“P: +8NA*P.P,,B,n(1-T,)+Nn’B,(4B, - B,)

Higher dynamic range is obtained by this structure than the 2-port system.
However, as seen in Fig. 3-3, a limit still exists for high optical signal input. This limit
stems from the noise term generated by the squaring operation of the direct detection
term, i.e., second harmonic noise.

RF signal

. . . Balanced Wideband S
Signal laser l 2K -port optical hybrid receiver ' fp;n Lg:are

WK E: Detector
D—— Ts e Vi
External 2e/K E2 m Narrowband

Modulator LPF
Local oscillator laser n y
| o
I ! K*/K Ex
Pro -1 L
El v2
T/K+n }_. hi(t) f—e | P -
B 1
n

Phase difference }/ 2r/Kam
L

between Ps and P
o v
Ee i—@-vqm(x) | B
K*UKHT e 1
nK

Fig. 3-4. block diagram of 2K-port homodyne receiver.

3.1.4 2K-port Homodyne Link Description

For further improvement of the link, a balanced receiver structure can be
introduced. The block diagram of a 2K-port homodyne link is shown in Fig. 3-4. In this
receiver, a balanced receiver structure is applied, as well as a 2K-port optical hybrid. The
optical signal and the local oscillator output are combined by a 2K-port optical hybrid
(2K means the number of the output ports is even number, but not two). We choose the
nth and (n+K)th outputs as a pair of outputs. Each of the paired outputs of the 2K-port
optical hybrid is sent to a balanced receiver. Since balanced receivers reject the common
mode signals, the direct detection term and the common mode noises, such as the LO
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RIN, are canceled at this point. Each balanced receiver output is sent through a DC block
and a wideband lowpass filter to a square-law detector. All of the output signals are
combined at this point, and the phase noise terms are canceled due to the phase difference
produced by the multiport optical hybrid. Finally, the combined signal passes through a
DC block and a narrowband lowpass filter. In this way, we make use of the WIRNA
structure, balanced receivers and a phase diversity receiving method.
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Fig. 3-5. FLDR of the 2-port homodyne AM WIRNA receiver vs. received optical
power.

By similar analysis, we obtained the FLDR of this system as:

Psi nal
FLDR = £
Psigml—while + Pwhiue—wlu’re
_ 8(2K)*A*P?P2, G.1D)
16(2K)A*P.P,B,1,(1-T,)+ 271( 1n;B,(4B, - B,)
where
T, = 1, +4gRL(P, + P.,) (3.12)




By this double canceling technique, noise terms with large Ps dependency are
eliminated. Fig. 3-5 shows that there is no dependency of the FLDR on the optical
received power. This system can achieve good performance.

3.2 Heterodyne WIRNA Link
3.2.1 Link Description

The block diagram of an externally modulated coherent AM-WIRNA link is
shown in Fig. 3-6. The link consists of an optical transmitter, fiber and a coherent optical
receiver. The optical transmitter is the same as the one used in a conventional direct
detection receiver. The RF input signal modulates the optical carrier using an external
modulator. During coherent detection, the received optical signal is mixed with the output
of the local oscillator (LO) laser before it is incident on the photodetector. The
polarization state of the receiver optical signal is tracked using a polarization controller,
and a feedback control technique is used to match the polarization state of E;p(?) with
Eg(t). In addition, an automatic frequency control (AFC) loop is used to maintain a fixed
intermediate frequency (IF) by tuning the LO laser frequency. In the receiver, the output
current of the balanced receiver is an IF signal; the RF signal is recovered by a square-law
detector (SLD) and a lowpass filter (LPF). A bandpass filter (BPF) is used to filter

excess additive noise before squaring.

RF input, x(t)
Transmi tter Balanced ;oo oo eees .
laser § : Receiver ' RECEIVER : output
' : Square , signal
o | WBPF[ | [y NLPFH——
Amplitude ' Detector :
modulator S e :
lgsce)r WBPF = wideband bandpass filter

NLPF = narrowband lowpass filter

Fig. 3-6. Block diagram of the heterodyne AM-WIRNA link.

3.2.2 System Evaluation

In this section, we analyze the coherent AM link shown in Fig. 3-6. The results
of this section will serve as a basis for comparison of the coherent AM link with the
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direct detection link. The definitions of the variables used in this analysis are listed in
Table 3-1. The output signal of the balanced receiver is an IF signal s(2) and can be

expressed as:

s(t) = Cfcos| @zt + $(1) + m- x(t)] - sin[ @, + ¢(1)]}

. 3.13
= Real{5(r)- "'} G

where §(r) = Ce’®[e"*" +¢/] is the complex envelope of the IF signal. The IF signal

is processed by the SLD, whose output voltage is:

5@ =2C*{1+sin[m- x(1)]} (3.14)

Assuming that the modulation index is small (m«1),

@) = 2C*[1+m- x(1)] (3.15)

Thus, ideally, in the absence of additive noise, the transmitted signal can be recovered
upon the removal of the DC term in Eq. (3.15).

However, as a result of the spectral broadening due to the phase noise, the
selection of the IF bandwidth is critical to the system performance. If the bandwidth of
the BPF is too narrow, some of the signal power will be lost, and the laser phase noise
will be converted to intensity noise at the output of the SLD; if it is too wide, more
additive noise will be collected [3].

A single test tone is used to study the degradation of the link performance due to
the phase noise. Consider a sinusoidal RF input signal x(¢) = cos(2f .t + 8), where f;, is
the signal frequency and q is the random initial phase uniformly distributed between 0 and
2p. For m«l, the output signal-to-noise ratio (SNR) can be expressed as:

Pxi nal
SNR = £
P +P

signal—white

white—white

2m*C* (3.16)

8C21732(1 + %—)[1 + %tan"' (—%A—Ii—‘)] +4n°B,(4B, - B,)
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The first term in the denominator of Eq. (3.8) is due to the beat between the signal and the
additive noise. The second term is due to the squared additive noise.

3.2.3 Link Dynamic Range

To evaluate the FLDR, we use a single-tone signal as the RF input. From Eq.
(3.16), the FLDR for a coherent heterodyne AM link can be expressed as:

4
FLDR = ————2C (3.20)
16C*1B, +4n°B,(4B, - B,)
FLDR, 7
@B

30 .

20} -

10 1 —1 i ! ! ! ! L L

-40 -35 -30 25 20 -15 -10 -5 0 5 10

Ps (dBm)

Fig. 3-7. FLDR of the heterodyne AM WIRNA receiver vs. received optical power.
3.3 Comparison between the techniques

To summarize, we explain the difference in the system performance intuitively in
this section. Fig. 3-8 shows the comparison of the performance of each system for a
typical values of the parameters, B} = 1 GHz, B» = 6 MHz, Av = 20 MHz, and P o =
10 dBm. In Fig. 3-9, the spectra before and after the square-law detector in the
homodyne WIRNA systems are shown and compared with those in the heterodyne
WIRNA system. In the heterodyne system, the direct detection term is outside the
passband of the IF bandpass filter. Thus, it is rejected, and there is n0 Pgjyersphgse term
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at the receiver output; as the result, the SNR of heterodyne WIRNA systems is close to
the Pgional-wh ite-limited condition. Therefore, the larger the Pj, the larger the FLDR. In
the 2-port homodyne system, the main noise term is caused by the multiplication of the
direct detection signal and the phase noise. Since a homodyne system uses the same
frequency region for the signal processing as that of the RF signal, it is impossible to
remove this noise term. This noise term increases proportionally to P,? and degrades the
FLDR for large values of Ps. The achievable SNR is thus much smaller than that of the
heterodyne system. To overcome this problem, in the 2K-port homodyne system, the
balanced receivers are utilized to reject direct detection terms with their common mode
rejection effect. The noise components contained in the 2K-port homodyne system are
effectively identical to those in heterodyne system. Thus the 2K-port hom'odyne system
has very similar performance to the heterodyne system. Note that in the heterodyne
system the bandwidth of IF filter should be twice as much as that in the homodyne
system. This leads to larger noise power. But it affects only the white:white noise
product, which is not usually the dominant noise term. Therefore, the heterodyne system
can achieve similar performance with simpler structure despite the larger IF bandwidth

required.

80

-

(2K-porl homodyne syslem)___» = .4.(N-pon homodyne sysle@
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Fig. 3-8. Comparison of the homodyne and heterodyne system .
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Table 3-2. Noise terms contained in each system.

Power 2-port homodyne |K-port homodyne |2K-port homodyne| Heterodyne
P igna §(RLPPL) | 2(KRL2P.P,Y |§(2K)RP,P,] | 4QR'P.PLY
Fano -;—(RLP,)“ %(KRZL"'P,Z)Z — —
Pireci-phase |8R*L'P2P,(1-T,) —
Pcicwnie |  16R’L’P.P,, 8KR’L’P.P,, | 16(2K)R*L’P,P,, | 16(2R*P,P,,)NB,
-B,n(1-T,) B,n(1-T,) |-Bn,(1-T,)
Poiie—wie | 27°B,(4B,—B,) | Kn*B,(4B, - B,) &,73 B,(4B, - B)) 41°B,(4B, - B,)

Before square law detector:

Directdetection term Directdoectionwrm !
Signal is inside tp paasband 48 out of the passband v
Phxe noise Slgml Ptu\se nome Phase notse S 1gnal
Videband LPF ‘ " PE Wideband LPF
mmuecuon Durect detection \ \
White noise While nosse White noise
L1 > | WA WA - >
> > >
f Homodvnc f Heterodyne f Homodvnc f
After square law detector:
Signal Signal Signal
V Phase nose y
Idlrecl detection product \ ) Narrowband LPF
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Chapter Four

Experimental Coherent AM Links

In Chapter 3 we concluded that it 1s possible to construct a linewidth-insensitive
coherent AM-WIRNA® heterodyne link. In this chapter, we experimentally investigate
the link performance of this AM-WIRNA heterodyne link, and compare these results to
those for a similar direct detection link. For this and the succeeding chapters, when we
write coherent AM link, we refer to the coherent AM-WIRNA heterodvne link.

This chapter is organized as follows: Section 4.1 contains a description of the
various types of optical transmitter and receivers we constructed and investigated in this
chapter. In this section, we also present the two-tone signal generator set-up. Section
4.2 deals with the comparison between directly and externally modulated coherent AM
links to determine which optical transmitter would give the better performance for the
coherent AM-WIRNA system. The better link would then be used for further
investigations into the properties of coherent AM links. The theoretical analyses of the
link performance measures -- the spurious-free dynamic range, link gain and noise figure --
are discussed in Section 4.3. Section 4.4 demonstrates phase noise cancellation by the
coherent AM-WIRNA heterodyne link The impact of system parameters such as
linewidth, IF bandwidth, laser relative intensity noise (RIN), received signal power and
laser local oscillator (LO) power is discussed in Section 4.5. In Section 4.6 we present
the link gain and noise figure, and in Section 4.7 the link loss measurements of both
coherent AM and direct detection links are discussed. Section 4.8 contains the references
while the appendix lists the devices used in our experimental investigations.

4.1 System Description

Shown in Fig. 4-1 is a conceptual block diagram of an analog optical link
illustrating the flow of the RF signal from the optical transmitter through an optical
attenuator used to vary the received optical power, several meters of optical fiber, and

* AM-WIRNA stands for Amplitude Modulation-WIdeband filter-Rectifier-NArrowband filter.
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then finally to the optical receiver. In our experiments, angled optical connectors are used
throughout the optical link to minimize reflections.

Optical
Fiber
RF e , S 2 RF
O pti Optical | ‘Optical ;.
I'.'p“t » ‘Transmitter Attenuator ‘Receiver - O!ltput
Signal - Signal

Fig. 4-1. Block diagram of an analog optical link.

There are two types of transmitters and receivers used in the experimental
investigations, and these will be discussed in Sections 4.1.1 and 4.1.2. Section 4.1.3 will

talk about the type and structure of RF input test signal used for our measurements.

4.1.1 Optical Transmitter

An optical transmitter can either be externally or directly modulated. In an
externally modulated system, the input signal is applied to a separate device other than
the laser source, while for the directly modulated system, the RF signal is applied directly
to the laser source. In this section, we describe these two types of transmitters and in

section 4.2, we compare their performances.

Amplitude
Polanzation Modulator
Controller 10/90 .
DEB oD Coupler Transmitter

Ouput

Laser!
RF V..
port $ bias
RF Bias
Input + Control
Signal Circuit

Fig. 4-2. Block diagram of the externally modulated optical transmitter.

4.1.1.1 Externally Modulated Optical Transmitter
The block diagram of the externally modulated optical transmitter which we

constructed and investigated is shown in Fig. 4-2. The transmitter laser i1s a 1.55 um
distributed feedback (DFB) laser with a built-in optical isolator and a thermoelectric
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cooler. The laser launches approximately 2 mW of optical power into the fiber and has a
RIN of -153 dB/Hz to -140 dB/Hz, depending on the drive current and temperature.

The RF signal modulates the optical carrier via a LiNbO3 Mach-Zehnder
modulator. The modulator has an optical insertion loss of 7 dB and its n-voltage for
100% modulation is 16 V. A manual polarization controller is used to align the
polarization of the laser light to that allowed by the electro-optic modulator (EOM).

The modulator is biased at its half-power point to eliminate even harmonics and
even intermodulation products (operating at this bias point essentially adds an additional
3 dB loss in the optical link). It is important that the bias remain at this half power point;
thus, we implemented an automatic bias control circuit in our set-up. We use the zeroing
of the second-order distortion to implement a closed-loop control of the bias. This is
done by applying a small, low frequency (10 kHz) pilot tone to the modulator. The level
of the second harmonic of the pilot tone is then monitored at a detector and used in a
feedback loop which controls the bias voltage.

To the
Bias
Voliage
Port
? .. N
N Initial :
N Bias \
\ Voltage }
i : N
d , N
s ErrorSignal E
§ Lock-in §
§ Amplifier §
N Reference Signal . Y
“Squared Reoeived Signal N
N
N
To the : E 20 § 2Plic¢;1
e B g
Fort 10 kHz filter {10190 Coupler
Oscillator E
N N
BIAS CONTROL CIRCUIT

Fig. 4-3. Block diagram of the automatic bias control circuit for the externally
modulated optical transmitter.
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The detailed block diagram of the bias control circuit is shown in Fig. 4-3. The
pilot tone is combined with the RF input signal and is applied to the RF port of the
EOM.. A small portion of the optical output of the EOM is tapped with a 10/90
coupler; this portion 1s fed to a photodetector (with a 1 GHz frequency response) and a
lock-in amplifier. The pilot signal is also used as the reference signal by the lock-in
amplifier to determine the appropriate bias voltage error. This error voltage from the
lock-in amplifier is then added to the onginal bias voltage and is fed into the bias voltage
port of the EOM.

' Only a small portion of the optical output of the modulator is used for the bias
control circuitry. Most of the optical signal is sent through the link as the transmitter

output.
4.1.1.2 Directly Modulated Optical Transmitter

The experimental set-up of the directly modulated optical transmitter we
investigated is shown in Fig. 4-4. The RF signal is applied directly to the laser source;
thus, the optical output of the laser is the transmitter output. We used the same DFB
laser for this experiment as that for the externally modulated link.

I

bias
RF - DFB o 7 1
ransnitlter
Input Laser| Output

Signal
Fig. 4-4. Block diagram of the directly modulated optical transmitter.
We determined the DFB laser's threshold current to be 20 mA and specifications

indicate a safe maximum drive current of 80 mA. Therefore, we set the bias current to be
50 mA.

4.1.2 Optical Receiver
As discussed in Chapter 1, an optical receiver can-either be a coherent detection
receiver or a direct detection receiver. This project focuses on investigating coherent

detection techniques for analog optical links, but to serve as a benchmark for comparison,
we also constructed, performed experiments on, and determined the link performance of
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direct detection links. In this section, we describe these two types of receivers and in the
following sections, we compare their performances.

4.1.2.1 Coherent Detection AM-WIRNA Receiver

The block diagram of the coherent detection AM-WIRNA receiver is shown in
Fig. 4-5. The incoming optical signal is combined with the optical output of the LO laser
via a 3 dB coupler. An external cavity tunable semiconductor laser (TSL) is used-as the
LO laser. This laser has a built-in optical isolator and a temperature controller. The TSL
has an output power of 600 uW, RIN of -148 dB/Hz and linewidth of 20 kHz. A manual
polarization controller is used to align the polarization of the LO laser to that of the
incoming optical signal. In a field system, the polarization alignment can be handied using
polarization-maintaining fiber, automatic polarization control, or a polarization diversity
receiver [1]. All these methods are compatible with our system.

38 dB Gain 24 dB Gain
1.25dB NF 4dB NF
Square RF
Incoming Coupler n Power —D— BPF1 Law — Output
optical signal ﬂ Splitter | Detector Signal

Polanzation
Controler |
Tunable —{1] Poxyer :
Laser ‘ -Freq. @ Splitter ;
+Control :
' Input AFCloop |}

......................

Fig. 4-5. Block diagram of the coherent detection AM-WIRNA receiver.
BPF = bandpass filter; LPF = lowpass filter.

The optical receiver consists of a single-photodetector with a 3 dB bandwidth
greater than 15 GHz, and a 38 dB gain, 1.25 dB noise figure 8 to 12 GHz preamplifier.
After the preamplifier, the signal is split into the demodulation path and the automatic
frequency control (AFC) loop. The AFC loop maintains a fixed receiver intermediate
frequency (IF) at 10 GHz. Without the AFC loop, thermal effects in the semiconductor
lasers were observed to cause the IF to drift by roughly 2 to 5 GHz/hr. The AFC loop
consists of a frequency discriminator (constructed from a power splitter, two cables of
different lengths, and a mixer) whose output is fed into the external frequency control
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connector of the LO laser. The zero-crossing point of the discriminator is set at the IF of
10 GHz. For IFs larger than 10 GHz, the output of the filter generates a positive error
voltage which drives the LO laser to a lower optical frequency; IFs of less than 10 GHz
drive the LO laser to a higher optical frequency.

For demodulation, the signal passes through an amplifier, bandpass filter, square
law detector and lowpass filter. We refer to the combination of a bandpass filter (BPF),
square law detector (SLD) and lowpass filter (LPF) in the receiver as the WIRNA (which
stands for Wideband filter-Rectifier-NArrowband filter) structure [2, 3].

4.1.2.2 Direct Detection Receiver

To serve as a benchmark for comparison with the coherent AM link, we
constructed a direct detection link, shown in Fig. 4-6. The receiver employs the same
photodetector as used for the coherent receiver, and a 0.5 to 2 GHz preamplifier with a
38 dB gain and 1.25 dB noise figure.

38 dB Gain
1.25dB NF RF

Incoming I ¥ 'l> . Output

optical signal .
P & Signal

Fig. 4-6. Block diagram of the direct detection receiver.

0.9 GHz VCO
15 dB NF, RF
~16-20 dB Gain Power | g
Combiner IPPUt
Signal
1GHz VCO
15 dB NF,
~16-20 dB Gain

Fig. 4-7. Block diagram of the two-tone signal generator.

4.1.3 Two-Tone RF Input Signal

To measure the link performance measures experimentally, we genefated a two-
tone RF input test signal using two voltage controlled oscillators (VCO) running at 0.9
GHz and 1.0 GHz; the circuit diagram is shown in Fig. 4-7. To control the amplitudes,
and, therefore, the modulation indices of the test signals, each VCO is connected to a
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variable gain amplifier. The signals are then combined with a power combiner through
microwave isolators and applied to the RF input port of the EOM. The isolators are
needed to minimize the interference of the two signals. The amplitudes of the
fundamental, the third order IMDs, and noise floor at the link output are then measured
using a spectrum analyzer and from this information, the dynamic range, link gain, and
noise figure are determined.

4.2 Direct Modulation Versus External Modulation

In this section, we focus on comparing directly and externally modulated links to
determine which would give better performance for the coherent AM-WIRNA system.
The better link would then be used for further investigations into the properties of
coherent AM links. Fig. 4-8 contains the experimental measurements we obtained for the
SFDR as a function of the received optical power for the coherent AM link [4].

100 —— S ——
=228 uW

gol | TLo™228H |
SFDR gg L J
inl1 Hz o

Bandwidth.

dB-Hz 70 J

60 L y \ + External Modulation i

N o Direct Modulation
1uwW 10uwW 100uwW 1000pW

Received optical signal poweptWW

Fig. 4-8. Spurious-free dynamic range versus the received optical power
for the externally and directly modulated coherent AM link.

Results show that for the device parameters and optical power levels we used, the
externally modulated coherent AM-WIRNA heterodyne link exhibited a much higher
SFDR (from 8 dB up to 20 dB) than the corresponding directly modulated coherent AM
link. The reason for the poorer performance of the directly modulated link is primarily
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due to the frequency chi}ping of the lasers and the finite IF bandwidth of the coherent
receiver. Directly modulating a laser causes chirping, which is a change in the output
frequency of the laser as a function of applied current. This results in the widening of the
signal spectrum; due to the presence of a finite IF bandwidth, part of the signal is cut off
and lost, resulting in both an increased noise floor and a smaller output signal power.
Thus, it is fair to conclude that for coherent AM links, a better dynamic range is
achieved using an external modulator. In the succeeding sections, we will focus on
investigating the performance, properties and behavior of coherent AM links using the
externally modulated transmitter. The entire externally modulated coherent AM link is
shown in Fig. 4-9(a), while for comparison, we show the externally modulated direct

detection link in Fig. 4-9(b).
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Polarization  Modulator
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Fig. 4-9(a). Block diagram of the externally modulated coherent AM link.
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Fig. 4-9(b). Block diagram of the externally modulated direct detection link.
4.3 Analog Link Performance Measures: Theoretical Analysis

In this section, the three most widely used performance measures for analog links
are defined and estimates of the theoretical performance of the coherent AM and direct
detection links shown in Fig. 4-9 are presented. The analysis is a continuation of that
started in Chapter 3. This section starts with a discussion of the spurious-free dynamic
range, followed by the link gain, and then the noise figure.

4.3.1 Spurious-Free Dynamic Range

One of the most crucial performance measures for an analog link is the spurious-
free dynamic range (SFDR). It is a measure of the variation in the RF signal level that
can be carried by the link and is defined as the ratio of the maximum RF power, which is
limited by the third order intermodulation distortions (IMD) produced by the
nonlinearities in the link's components, to the minimum power, which is limited by the

receiver noise [5, 6]:

2
RF Powerlmp=,.oue - m llMD:noise
RF Power|

SFDR = 4.1)

signal=noise m ? I:igml=noise
m is the RF modulation index. For the links shown in Fig. 4-9, the maximum RF power is
usually limited by the nonlinearities of the EOM [5].

The resulting SFDR for the coherent AM-WIRNA heterodyne link is given by [7]

(see Table 4-1 for symbol definitions):

4
A r2s 4.2)

2/3
SFDR,, = 4| — - 2
16A*n B, +161°,B,(4B, - B,)
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where A4 is the IF signal amplitude, hcd is the additive noise density, and Gfrepresents the
reduction in the dynamic range due to phase noise-to-amplitude noise conversion in the

BPF. These quantities are given by:

A=R\2PP_ (4.3)

RIN

N..=7M,+qR(P,+P,)+ -i-(szPst +RPPLN0® (4.4)
T, Eita -1 2B, +£tan"£§'——2 4.5)
/1 2 4 1
Table 4-1. Definitions of Variables
Py Received optical signal power
Pro Received optical local oscillator power
RIN Average RIN of the transmitter and LO lasers
h Power spectral density of the receiver thermal noise
B, IF bandwidth for the coherent AM link
B, Signal bandwidth for the coherent AM link
Dn Combined linewidth of the transmitter and LO lasers
R Photodiode responsivity
Rg Receiver source impedance = 50 W
a Conversion loss factor of the square law detector
Vp Voltage required to achieve p optical shift in the
modulator

Phase noise-to-amplitude noise conversion results from the spectrai broadening
caused by the laser phase noise and by the IF filtering in the bandpass filter [2].
The SFDR for the direct detection link is [7]:

(4.6)

23
RZPSZ]/

SFDR,, = 4( -~
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where 7y, is the power spectral density of the additive noise at the output of the

photodetector, given by
RIN
Nad = Typ + 2gRP, + R*P%10 10 @.7)
and B is the signal bandwidth.

4.3.2 Link Gain

The RF power transfer ratio, or link gain, G, of the link is defined as the ratio
of the RF power at the link output, S, to the RF power at the link input, S;:

5
S

G= (4.8)

The gain for the coherent AM optical link, G,,, and for the direct detection link, G, are
given by [8, 9]:

2
aP P,, [ nR R
G,=— — 4.9
cd 2 ( V” J ( )
Gy = (”R“;Rpx } (4.10)

where the variables are defined in Table 4-1.
4.3.3 Noise Figure

Noise figure measures the degradation in the signal-to-noise ratio (SNR) between
the input and output of a link and is defined as:

' =—C 4.11)
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where §; and N; are the input signal and noise powers; S, and N, are the output signal

and noise powers; and G is the link gain discussed in the previous section. By definition,
the input noise power is the noise power from a matched resistor, N; = kTB, where k is

Boltzmann's constant; T is the resistor temperature; and B is the signal bandwidth [10].
The output noise power can be expressed by:

N, =GN; +nB (4.12)

where hB is the additive noise introduced by the link. Substituting N; = kTB, we can

express the noise figure as:

F=l+—1 (4.13)
GkT

For the coherent AM optical link, the noise figure is

F,=1+3%0 (4.14)
GAT

where h.4 and ch are given by (4.4) and (4.9), respectively. Similafly, for the direct
detection optical link, the noise figure is

Fag=1+—1dd_ 4.15)

where hg4 and Ggq are given by (4.7) and (4.10), respectively.
4.4 Demonstration of Phase Noise Cancellation

It was mentioned in Chapter 1 that the phase noise of semiconductor lasers can
cause substantial performance degradation in coherent analog links. However, the use of
WIRNA processing in a coherent heterodyne link can be effective at minimizing the
impact of phase noise. In this section, we demonstrate phase noise cancellation in the
coherent AM-WIRNA heterodyne link.
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Figs. 4-10(a), (b), (c), and (d) show the RF signal spectrum at three different

points of the coherent AM link. Fig. 4-10(a) shows the spectrum of the two-tone test
signal at the RF input to the modulator.
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Fig. 4-10(a). Signal spectrum of the two-tone signal at the RF input to the modulator.
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Fig. 4-10(b). Signal spectrum of the two-tone signal at the photodetector output.
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Fig. 4-10(c). Close-up of the spectrum of the two-tone signal at the output of the

photodetector.
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Fig. 4-10(d). Signal Spectrum of the two-tone signal at the output of the AM-WIRNA
receiver.

Fig. 4-10(b) shows the IF signal spectrum at the photodetector output. Note the
IF of approximately 10 GHz with the two-tone signal present at its sidebands. Fig. 4-
10(c) is an enlargement of the two-tone signal, showing that these signals have a full width
at half maximum (FWHM) of approximately 20 MHz, corresponding to the combined
linewidth of the transmitter and LO lasers. This clearly illustrates the spectrum-

broadening effect of laser phase noise.
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Fig. 4-10(d) shows the spectrum of the signals (together with the third order
IMD:s) at the output of the AM-WIRNA receiver. The linewidths of both signal tones
are seen to be extremely small and similar to that of the input signals shown in Fig. 4-
10(a). These figures illustrate the phase noise cancellation in the coherent AM-WIRNA
link of Fig. 4-9(a).

4.5 Impact of System Parameters

To further investigate the usefulness of the coherent AM-WIRNA heterodyne
link and understand its behavior, we study the impact of the various system parameters
on the link dynamic range. ‘Section 4.5.1 discusses the impact of the laser linewidth and
IF filter bandwidth, followed by Section 4.5.2 demonstrating the impact of laser RIN.
The impact of the received optical signal power is presented in Section 4.5.3, while
Section 4.5.4 deals with the effect of the LO power on the dynamic range.

4.5.1 Linewidth and the IF Bandwidth

The SFDR measurements as a function of the laser linewidth using three different
IF filter bandwidths are shown in Fig. 4-11. To vary the linewidth beyond 20 MHz, we
directly modulated the DFB laser with a noise source so that the spectral linewidth was
broadened by laser chirping [11]. We measured the laser relative intensity noise (RIN) for
each case used. As shown in Section 4.5.2, for the range of RIN values in this experiment
(-153 to -130 dB/Hz), the SFDR is independent of RIN at these power levels; this makes
linewidth the only important variable in this section.

From Fig. 4-11, it is observed that for IF bandwidths of 3 and 4 GHz, the SFDR
is almost constant at 84 dB*Hz2/3 and 82 dB-Hz2/3, respectively, for linewidths from 10
to 300 MHz. For an IF bandwidth of 2 GHz, the SFDR is at least 3 dB less. As the
linewidth is increased beyond 300 MHz, all three bandwidth cases show a considerable
drop in the SFDR, with the 2 GHz case having the most rapid decrease, and the 4 GHz,
the least.

The explanation of the foregoing experimental results is as follows. Laser phase
noise (which is associated with wide laser linewidths) causes the received signal spectrum
to widen. If the IF filter cuts off part of the signal spectrum, this results in phase noise-
to-amplitude noise conversion which causes a deterioration of the link performance. The
signals used in this experiment are sinusoids at 0.9 and 1 GHz; therefore, it is clear why
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the link with an IF bandwidth of 2 GHz has the worst SFDR -- for any finite linewidth, a
part of the signal spectrum will always be rejected by the IF filter. As the linewidth
increases, a larger and larger part of the signal power will be rejected by the bandpass
filter causing signal distortion and phase noise-to-amplitude noise conversion, resulting in

a poorer SFDR.

85

-S4 GHz IF BW
80

¢ 2 GHz IF BW

SFDR
n1Hz 0
Bandwidth,
dB-Hz2/3 70}
; Ps = 45 uW
- =228 uW
65k PLO 8L
O ——""H0 " "io00 10000
Laser Linewidth, MHz

Fig. 4-11. Experimentally measured impact of the laser linewidth and the IF bandwidth
on the spurious-free dynamic range of the coherent AM link [12].

For the 3 and 4 GHz bandwidth cases, when the linewidths are less than 300
MHz, the IF bandwidth is much wider than the signal spectral width, so that only a
negligible part of the phase noise-widened signal spectrum is cut off. This causes the link
to be linewidth-insensitive; i.e., the SFDR is essentially independent of the laser
linewidth. However, similar to the 2 GHz case, when the linewidth is increased to the
point when considerable amount of the signal power is cut off, the SFDR deteriorates.
For both the 3 and 4 GHz cases, this occurs for linewidths greater than 300 MHz.

The disadvantage of a wider IF bandwidth is that it collects more additive noise,
which translates to a higher noise floor, and therefore, to a lower SFDR. This is
supported by Fig. 4-11: the 4 GHz IF bandwidth link has a poorer SFDR than the link
with a 3 GHz IF bandwidth, for linewidths less than 300 MHz. The choice of IF
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bandwidth is therefore very important: A narrow IF filter increases the amount of phase
noise-to-amplitude noise conversion while a wide IF filter collects more additive noise. .
For example, in Fig, 4-11, when the linewidth is 700 MHz or more, the link with a 4 GHz
IF bandwidth outperforms the link with a 3 GHz IF bandwidth. This is because there is
much more phase-to-amplitude noise degradation in the 3 GHz case than the 4 GHz case,
and for this situation, the degradation due to phase noise-to-amplitude noise conversion is
more significant than the degradation caused by additive noise. '

An important conclusion of this section is that as long as the bandpass filter is
designed to be wide enough to pass the phase noise-widened spectrum of the signal, the
coherent AM-WIRNA link is insensitive to laser linewidth and to any changes in the
linewidth that may be brought about by temperature and drive current fluctuations. The
SFDR can be maximized by having the smallest possible IF bandwidth that i1s wide
enough to avoid cutting off a considerable amount of signal power while minimizing the
additive noise collected.

100
95+ .

90 - .
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Bandwidth, 80
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Transmitter Laser RIN, dB/Hz
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Fig. 4-12. Experimental results of the impact of laser RIN on the coherent AM link.
The laser parameters are listed in Table 4-2.

4.5.2 Relative Intensity Noise (RIN)

To investigate the impact of laser RIN on link performance, it is desirable to vary
the RIN of a laser while holding other laser parameters (i.e., output power, linewidth)
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constant. However, a given laser has an intrinsic RIN at a given output power level.
Therefore, in our measurements, we have synthetically increased the RIN of the
transmitter DFB laser by inputting a2 noise source to the RF input of the EOM but
maintaining the other system parameters like received optical signal power (by using a
variable attenuator as shown in Fig. 4-1) and linewidth (by modulating the EOM instead
of the laser), constant. By varying the noise source's power level, different RIN values
can be obtained. The corresponding plot showing the impact of the transmitter laser
RIN on the dynamic range of the coherent AM link is displayed in Fig. 4-12, and the
system parameters are listed in Table 4-2.

Table 4-2. Laser Parameters for SFDR vs. RIN Measurements

Transmitter LO
Laser for both Laser
__links 7 7 7
Received Optical 45 uWw 228 W
Power ’
Laser 13 MHz 43 kHz
Linewidth

Note that the coherent AM link is more sensitive to RIN than the direct detection
system. For the direct detection system, the SFDR is almost constant for the RIN values
we are considering. It is only when RIN drops to -116 dB/Hz that a degradation is
observed. For coherent systems, the SFDR remains unchanged from its value at RIN =
-152 dB/Hz only until RIN = -145 dB/Hz. Beyond that, the worsening effect of laser
RIN on the system performance is clear. This is expected for a coherent system
employing a single photodetector receiver since RIN is approximately proportional to the

square of the LO optical power.

4.5.3 Received Signal Power

Using the variable optical attenuator shown in Fig. 4-1, we varied the received
optical signal power for both coherent AM and direct detection links. The SFDR
measurements of the coherent AM-WIRNA heterodyne link as a function of the received
optical signal power are shown in Fig. 4-13, and the system parameters are listed in Table
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4-3. The SFDR measurements for a similar externally modulated direct detection link are
also shown for comparison. The maximum received optical power (signal plus LO) at the
photodetector is limited largely due to the optical modulator losses, and also by the
optical output power of our DFB laser used as the transmitter and the tunable
semiconductor laser as the LO laser. However, these modest powers are sufficient for a
proof-of-concept experiment on the merits of this coherent AM link.

92 —
87

SFDR

in1 Hz
Bandwidth,

dB-Hz2/3 4,

+ Coherent AM, experiment

67 o Direct Detection, experiment |
62
1 10 100
uw LW LW

Received optical signal power, pW

Fig. 4-13. Spurious-free dynamic range versus received optical signal power for the
coherent AM and direct detection links. The laser parameters are listed in Table 4-3.

Table 4-3. Laser Parameters for SFDR vs. Receivéd Signal Power Measurements

Transmitter LO
Laser for both | Laser
links
Received Optical variable 228 W
Power
Laser 7.9 MHz 19.2 kHz
Linewidth
Laser -153.8 dB/Hz -148.7 dB/Hz
RIN
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Fig. 4-13 also contains theoretical SFDR estimates obtained using Egs. (4.2) and
(4.6); the estimates take into account the RIN of both lasers, the receiver amplifier noise,
the laser linewidths, and the finite optical power of the LO laser.

Fig. 4-13 shows that the coherent AM link has a higher SFDR (by up to 10 dB)
than the corresponding direct detection link when the received optical signal power is less
than 85 uW. This is because the direct detection link is thermal noise-limited at these
power levels while the coherent AM link is closer to being shot noise-limited. As the
received optical signal power increases beyond 85 uW, both types of receivers approach
the shot noise-limited regime. In this case, the direct detection link has a higher dynamic
range than the coherent AM link [7]. This is shown by the theoretical curves in Fig. 4-13.
This cross-over optical power point between the coherent AM and direct detection links
can be increased using an LO laser with a higher output power (we are currently limited to
an optical LO power at the photodetector of 228 uW by our tunable laser).

Table 4-4. SFDR penalty due to the SLD imperfections.

Received Optical Signal | SFDR penalty due to SLD
Power, (LW) (dB)
50.0 0.5
27.5 1.1
17.6 1.5
10.0 23
6.2 3.0
3.9 3.8

Fig. 4-13 shows that the measurements agree very well with theory for the direct
detection case, with a difference of only 1 dB. The experimental data for the coherent
AM link differs from the theory by 2 to 4 dB. This is attributed partially to optical
connector losses in the receiver (up to 1 dB) and fluctuations and instabilities in the
output of the LO laser (a penalty of about 1 dB). The latter is due to polarization
changes and tuning required to maintain the IF at 10 GHz. However, the main reason for
the difference is the third order distortion introduced by the square law detector (SLD) at
the link output. The SLD introduces third order distortion in the output signal resulting
in a lower SFDR than that predicted by theory. By varying the input RF power into the
SLD (so that only the nonlinearities produced by the SLD, as the RF input to it changes,
can be studied), we verified that the additional distortion is caused mainly by the SLD.
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Since the RF input power to the SLD changes as the received optical signal power
changes, third order nonlinearities produced by the SLD affect the measured link SFDR.
Table 4-4 on the previous page shows the additional SFDR penalty due to the SLD as a
function of the received optical signal power that corresponds to the RF power we input
to the SLD. Inspection of Table 4-4 reveals that the SFDR penalty due to the SLD
corresponds to most of the discrepancy between the theoretical and experimental results.

Amplitude
Polanization  Modulator
Controller  p—puar— 0/90
Nd:YAG |__ OO Coupler
Laser
RF *vbm
port
RF i
Input & Control
Signal Circuit

O owe
Attenuator
Square RF
A BPFH Law Output
Detector Signal
Polanzation 38 dB Gain
Controlier 1.25 dB NF
or
24 dB Gain
Optical 4 dB NF
Attenuator
]
Nd:YAG
Laser

Fig. 4-14. Set-up used for the measurement of the system performance of the
coherent AM link using Nd:YAG lasers.

4.5.4. Laser Local Oscillator (LO) power
The dynamic range of the coherent AM link shown in Fig. 4-9(a) is limited by the

low output power of the DFB and TSL lasers used. Since high power semiconductor
lasers are currently being developed, we decided to investigate what dynamic range could
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be achieved with higher received optical signal and LO powers. For these measurements
we replaced the DFB and TSL lasers with high power Nd:YAG lasers.

The measurement set-up we used for this experiment is shown in Fig. 4-14.
Optical attenuators are used to vary the received optical signal and LO powers for the
SFDR measurements. An AFC loop is not necessary for this case since the Nd:YAG
lasers have very stable output optical frequencies.

Fig. 4-15 shows experimentally measured SFDR of the coherent AM link as a
function of the received optical signal power for LO powers ranging from 100 pyW to 1
mW. The maximum total received optical power is currently limited by the
photodetector we have. Results indicate that a 10 dB increase in the LO power, from 100
KW to 1 mW corresponded to a 10 dB or more increase in the SFDR. Through these
measurements, we have also shown that a coherent AM link using high power lasers is
capable of achieving a dynamic range of 101 dB-Hz2/3. We are confident that we could
get an even higher SFDR with increased optical power for both transmitter and LO lasers,
but we are currently limited to a total received optical power of 1 mW by the saturation

of the photodetector and RF pre-amplifier we were using.
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Fig. 4-15. Spunous-free dynamic range versus received optical signal power
for different local oscillator powers. RIN of both lasers = -164 dB/Hz.
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4.6 Link Gain and Noise Figure [12]

We investigated the gain and noise figure of the coherent AM and direct detection
links shown in Figs. 4-9(a) and 4-9(b), respectively, by measuring the output signal and
noise power for a +15 dBm input signal. Since we are interested in the performance of
the optical link, we did not take into account the effect of any link pre- and post-
amplifiers. The total link gain and noise figure can, of course, be greatly improved by
using low-noise amplifiers before the link, and high-gain amplifiers after the link [8,
Chapter 6 of this report).

The dependence of the gain and noise figure on the laser linewidth, IF bandwidth,
and RIN is similar to the dynamic range results; hence, we do not provide separate plots
for these parameters. It is, however, important to determine how the gain and noise figure
change with the received optical signal power since this knowledge provides us with
typical values of both optical links' gain and noise figure.

Table 4-5. Laser Parameters for the Link Gain and Noise Figure vs. Received Signal
Power Measurements

Transmitter LO
Laser for both Laser
links
Received Optical variable 228 uW
Power
Laser 7.9 MHz 19.2 kHz
Linewidth
Laser -153.8 dB/Hz -148.7 dB/Hz
RIN

The experimental measurements and theoretical values of the link gain and noise
figure of the coherent AM-WIRNA heterodyne and direct detection links as a function of
the received optical signal power are shown in Fig. 4-16(a) and Fig. 4-16(b), respectively,
and the laser parameters for these measurements are listed in Table 4-5. For most cases,
the experimental values agree well with the theoretical results. Because optical links tend
to have very low gain (in this case, negative gain), their noise figures are fairly high; this is
clearly seen from Eq. (4.13). Fig. 4-16(b) shows that the noise figure for the coherent link
is always greater than that for the direct detection link. This is primarily due to the fact

73




that the gain of the coherent AM link is much smaller than that of the direct detection link
because of the conversion loss encountered in the square law detector.

-15
-20
-25

+ Coherent AM, experiment
0 Direct Detection, experiment

Link -30
Gain, .35
dB

1 10 100
1A% pw
Received optical signal power, uW

Fig. 4-16(a). Link gain versus received optical signal power for the coherent AM and
direct detection links. The laser parameters are listed in Table 4-5.
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Fig. 4-16(b). Noise figure versus received optical signal power for the coherent AM and
direct detection links. The laser parameters are listed in Table 4-5.
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Fig. 4-16(a) shows that for received optical signal power P greater than 4 pW, the

* gain of the direct detection link is greater than that of the coherent AM link. This is

because the gain is proportional to the square of the received optical signal power P for
the direct detection case while for the coherent AM link, the gain is proportional to Pg
only. For direct detection, the experimental values agree very well with the theoretical
results. For the coherent AM link, there is up to a 5 dB difference between the
theoretical and experimental results for Pg less than 4 pyW. This discrepancy is primarily
due to the variations in the conversion efficiency of the square law detector for different
RF powers, especially for very low levels (similar to that discussed in Section 4.5.3).

. The difference between the theoretical and experimental results may also be due to the

instabilities and fluctuations in the LO laser (a penalty of about 1 dB, as discussed in
Section 4.5.3). Also, at low power levels the output becomes very noisy, making it very

difficult to make accurate measurements.
4.7 Link Loss Measurements: Coherent Versus Direct Detection

In this section, we present measurements of the SFDR against link loss. Link loss
can easily be converted into the number of destinations or splits for distribution‘systcms
and into transmission distance for point-to-point links. So, if one wants to build a
system with a prescribed number of splits or transmission distance, the plot of SFDR
versus link loss shows the best configuration.

Let us compare the SFDR versus link loss performance of the coherent AM-
WIRNA heterodyne and direct detection links shown in Figs. 4-9(a) and 4-9(b),
respectively; the experimental measurements are presented in Fig. 4-17.

Inspection of Fig. 4-17 shows that for low loss links (less than 5 dB link loss), the
direct detection link gives the better dynamic range since it is shot noise-limited at this
region. For link loss less than 7 dB, the coherent AM-WIRNA heterodyne link is RIN-

limited as evidenced by the flat curve. The impact of RIN is very pronounced for a

single-photodetector coherent receiver. This penalty causes the coherent AM link to
have a lower SFDR. ‘

For link loss greater than 7 dB, the coherent AM link outperforms the direct
detection link, because in this region, the coherent AM link has a better receiver
sensitivity due to the presence of a LO laser. The coherent AM link is now shot noise-
limited while the direct detection link is thermal noise-limited. Thus, this section shows
that coherent AM links are good for lossy links.
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Fig. 4-17. Spurious-free dynamic range vs. the link loss for the direct detection and
coherent AM links. P[ O = 0.5 mW, transmitter laser power = Pyg = 2 mW.

With the development of optical amplifiers, the performance of both coherent
AM and direct detection links are expected to improve, enabling both to handle higher link
losses. This will be the topic of the next chapter.
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Appendix. List of Devices Used.

_

Optical Attenuator

Angled Optical Connectors
Transmitter DFB Laser
External Amplitude Modulator
Manual Polarization Controllers
10/90 Optical coupler

1 GHz Photodetector

Lock-in Amplifier

Tunable Semiconductor Laser
3 dB Optical Coupler
Photodetector

8 to 12 GHz Preamplifier
Mixer for AFC loop

8 to 12 GHz Amplifier
Bandpass filter

Square Law Detector

Lowpass Filter

0.5 to 2 GHz Preamplifier

0.9 and 1 GHz Voltage Controlled

Oscillators

Variable Gain Amplifier
used for two-tone signal

Power Combiner

0.5 to 2 GHz Microwave Isolators

Vendor

JDS Fitel

Wave Optics
Fujitsu Electronics
Ramar Corp.
BT&D

Gould Fiber Optics

Fujitsu Electronics

Stanford Research Syst.

Santec

Gould Fiber Optics
Lasertron

Miteq

Avantek

Miteq

Lark Eng'g

Miteq

Lark Eng'g

Miteq

Avantek

Hewlett-Packard
M/A Com

Trak Microwave
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Chapter Five

Optically Amplified Links

Optical amplifiers (OAs) can be used to improve the link performance by
boosting the intensity of an optical signal. They can serve several purposes in the design
of fiber-optic communication systems: for example, as in-line amplifiers, boosters of
transmitter power, preamplifiers to the receiver, and compensators of distribution losses
in broadcast networks. However, like any conventional electronic amplifier, OAs add
noise to the amplified signal. Although erbium-doped fiber amplifiers (EDFAs) degrade
system performance by generating amplified spontaneous emission (ASE) noise, they
lengthen the transmission distance of point-to-point links and increase the potential
number of destinations in a distribution system.

Previous work concentrated on the use of optical amplifiers in digital systems [1]
and in direct detection (DD) analog links [2]. In this project, we investigated the impact
of OAs on a coherent AM analog optical link. The use of both optical amplifier and
coherent detection technologies in one link can offer a number of attractive features. The
wavelength selectivity of coherent detection techniques allows more efficient use of the
optical amplifier bandwidth and the excellent selectivity of the intermediate frequency
(IF) filter offers improved rejection of optical noise over that of an optical filter.

This chapter is organized as follows: Section 5.1 contains a comparison between

the semiconductor optical amplifier (SOA) and the erbium-doped fiber amplifier (EDFA).

Section 5.2 contains the theoretical analyses of the performance of the links with optical
amplifiers followed by Section 5.3 describing our experimental results showing the
dependence of the SFDR on the received optical signal powef. Finally, Section 5.4
contains the dynamic range versus link loss measurements for both coherent and direct
detection links..

5.1 Semiconductor Optical Amplifiers Versus Erbium-Doped Fiber
Amplifiers

There are basically two practical approaches to making optical amplifiers: laser-
diode amplifiers/semiconductor optical amplifiers (SOA) and doped-fiber amplifiers [3].

For the latter, fibers doped with erbium -- the erbium-doped fiber amplifier (EDFA) --
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has been the most successful. In this section, we characterize and compare these two

types of optical amplifiers.
5.1.1 SOA Characterization Results

The SOA we used for our experiments is a BT&D SOA3100-1550, operating in
the 1550 nm range of wavelengths. The SOA uses the same basic construction as the
conventional Fabry-Perot semiconductor laser. The SOA devices are based on a 500 pm
long buried heterostructure device made by the MOVPE process. The chip is anti-
reflection coated on both facets with a residual reflectivity of less than 0.5%. It is this
reduction in the facet reflectivity from its uncoated reflectivity which produces a near
traveling wave amplifier [4].

The following set of figures shows the characteristics of the SOA. Fig. 5-1 shows
the noise spectra of the SOA, with the optical signal center wavelength of 1532 nm and a
3 dB bandwidth of 47.2 nm. More detailed views of the noise spectrum for various SOA
bias currents, with 1 dB/div in the vertical axis, are shown by the series of spectra in Fig.
5-2. These figures show that the SOA amplifier gain exhibits ripples, demonstrating the
effects of residual facet reflectivities. Later, we will show that because of these ripples,
the SOA interacts with the signal generating IMDs.

Fig. 5-3(a) shows the output optical power versus the input optical power of the
SOA with various SOA bias currents, with Fig. 5-3b showing the corresponding gain
versus input optical power curves. The latter demonstrates the gain saturation effect.
The measured gain values are lower than specified since the wavelength we used was that
of our transmitter laser at 1545 nm, where the gain is about 2 dB lower than at the
peak/center wavelength, as shown in Fig. 5-1.

To measure the noise figure of the optical amplifier for a given optical input
power Pin, we characterized the SOA using the HP Lightwave Signal Analyzer. The

amplifier noise figure can be calculated as follows:
_P,(RIN,, - RIN,)

F = 5.1
2hv SRY

where RIN;, is RIN measured at the amplifier input and RIN,,,; is the RIN measured at
the amplifier output. Measurements reveal the noise figure of the SOA to be 11.7 dB.
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-Fig 5-3(a). Output vs. input optical power characteristic of the SOA used in our

experiments.
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Fig. 5-3(b). Gain vs. input optical power characteristic of the SOA used in our
experiments.
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5.1.2 EDFA Characterization Results

The EDFA we used in our experiments is a Furukawa Electric ErfFA1030. Fig. 5-
4 shows the EDFA configuration. The erbium-doped fiber is pumped in a backward
pumping configuration by a 1480 nm high power semiconductor laser via a WDM
coupler. In-line isolators are located in the input and output ports of the amplifier to

suppress optical feedback and reduce system noise.

Erbium-Doped N

\ Fiber N

N WDM N
Amplifier 3 Coupler { Amplifier
Input o Vs -) El Output

i Optical Optical }

!\ Isolator Isolator §

= \

§ Pump §

\ Laser N

N 3

Fig. 5-4. Configuration of the erbium-doped fiber amplifier used in the experiments.

Fig. 5-5 shows the noise spectra of this EDFA, with the optical signal center
wavelength of 1552 nm (disregarding the peak at 1532 nm) and a 3 dB bandwidth of about
35 nm.

Fig. 5-6(a) shows the output optical power versus the input optical power of the
EDFA with various pump laser currents, with Fig. 5-6(b) showing the corresponding gain
versus input optical power curves. The latter demonstrates the gain saturation effect.

Using the same method as described in the previous section, the noise figure of the
EDFA was determined to be 10 dB.

5.1.3 Comparison between their characteristics

From the results of the two previous sections and also from our observations
during experiments, we summarize the characteristics of these two optical amplifiers in
Table 5-1.

84




‘enjoads souassaron|y v4ayg ‘s-s 3iyg

ATP/WUQT wue " 0 :S3d
wrGes 1 wrGyG- v wigey " ¥
wgpoe6-
| __rﬁ
\b‘-
N . / wgpoy-
...._.u_D . / \\\JJ, 5\
WS ./rkm ATP/
apPot
SO :
INI
s3u| WAPOT
T: f
9Av
-3 0 g HMWT
V-4 g v UMWY

9v -B1 L1-BO-E6 820£6SW 1LINN WNH133dS

85




Output
Optical
Power
of the
EDFA,
(mW)

Fig. 5-6(a). Output versus input optical power characteristic of the EDFA

OO NV A O

16 1
141
12 -
107

8.
»

e O Do

.0

x
xO
X o
X o, -
X .
xXO, AA
o - A
x© - A
x©o - , 4
x O - A4
x?.“-';A . o< ®
x:o a
x 3,04 .+ o 09
xxx X¥ D X a4, . o0
= 2 A A A P .
AA‘A . 4 ooo 'o n
A & s b4 < .« ° o
°°°°°??°". g oe oF °
ﬁﬁaaa nnunun ] e o "
-—--—o—,l—-n_u_,_-_l&.l_‘._-_- : e " ;
01 0.01 0.1 1

Input Optical Power to the EDFA, (mW)

shown in Fig. 5-4.

> l—b»gi:f-

ra

N
)
A

10 1

00

Input Power to the EDFA, uW

Teseboall

1000

X S00 mA
© 450 mA
* 400 mA
4 350 mA
+ 300 mA
< 250 mA
« 200 mA
0 150 mA
« 100 mA

Pump Laser Current (mA)

o

4 » N

100
150
200
250
300
350
400
450
500

Fig. 5-6(b). Gain vs. input optical poWer characteristic of the EDFA shown in Fig. 5-4.
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Table 5-1. Comparison Between an SOA and an EDFA.

Semiconductor Erbium-Doped
Optical Fiber
Amplifier Amglifier
3 dB Bandwidth, nm 47.2 35
Saturation Output Power, mW " 4 14
Maximum Gain, dB Fl 9 35
Noise Figure, dB 11.7 10
Polarization Sensitivity 4.5 dB difference insensitive
' between TE and
" TM modes
Facet Reflectivity Problem " Critical None
Resonance Peak None Present at 1532 nm
Coupling Losses Higher than EDFA Negligible
Temperature Sensitivity Requires a Insensitive
temperature (except the pump
" controller laser)
Wavelength Ranges 800, 1300, 1550 nm 1550 nm
1300 nm (?)
Intregratability ll Possible Difficult

Table 5-1 can explain why at present, EDFAs are more attractive: due to their
higher output power, larger gain, lower noise figure, polarization and temperature-
insensitivity, and lower or negligible coupling losses. SOAs are still under consideration
and in the future, the interest may switch from EDFAs to SOAs, especially since
researchers are working at reducing the facet reflectivities and at obtaining higher output
powers and gain. SOAs also have the potential to be integrated with other optical and
electrical devices, and they easily work with various wavelength ranges.
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Fig. 5-7. The block diagram of an externally modulated coherent AM link using an
optical amplifier.

5.1.4 Link Performance Comparison: Experimental Results

The experimental set-up used to compare the performance between an SOA and
an EDFA in a coherent AM link is shown in Fig. 5-7. For one set of measurements we
used the SOA in the link, and for another set we used the EDFA. The SFDR of these
two links as a function of the received optical signal power is shown in Fig. 5-8.

Results show that the link using the EDFA exhibited a higher SFDR (by up to 5
dB) than the corresponding coherent AM link using the SOA. The reason for the poorer
performance for the SOA link is primarily due to ripples in the SOA spectra, caused by
the residual facet reflectivities. Because of these ripples, the nonlinear gain response of
the SOA interacts with the signal, generating its own IMDs and thus, giving a worse
SFDR than the EDFA link.

It is fair to conclude that for coherent AM links, a better dynamic range is
achieved using an EDFA. Work is still needed to reduce the facet reflectivities of SOAs.
In the succeeding sections, we will focus on investigating the performance, properties and
behavior of coherent AM links using an EDFA. We begin with Section 5.2 giving a
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theoretical overview of the impact of optical amplifiers on coherent links and comparing
the results with direct detection links. '
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Fig. 5-8. Spurious-free dynamic range vs. receiver optical power
for the coherent AM link with an SOA and an EDFA.

5.2 Theoretical Analysis

An optical amplifier is added to a coherent AM link to form an externally
modulated optically amplified coherent AM link shown in Fig. 5-9. The received optical
signal is amplified directly before mixing with the local oscillator laser (LO) output field.
The IF filter removes excess ASE noise before the square law detector. The definitions of
the mathematical symbols used in this analysis are listed in Table 5-2. The output SNR
of the link is given by:

_ 4m*R‘G*P’P;},
8R*GP.P,,nB + 1n*B(2B,. — B)

SNR (5.2)

where

=N, +2gR(GP, + P ;) + 2R*GP,P , 10" + 4R’G(G = )P on hv.  (5.3)
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Table 5-2.

coherent AM link.

Definitions and numerical values of system parameters.

B

Signal bandwidth

Bo

= 30 nm, Optical bandwidth

B

= 2B, Electrical IF bandwidth

G

= 15 dB, Optical gain

hn

= 1.28x10-19 J, Photon energy

Modulation index

= ], Spontaneous emission factor

=330 pA2/Hz, Thermal noise

Received optical power

= 10 dBm, Local oscillator power

= 1.602x10-19 C, Electronic charge

= 1.25 A/W, Responsivity of the photodetector

Laser relative intensity noise (dB/Hz)

The last term in Eq. (5.3) represents the LO-ASE beat noise. An advantage of coherent
detection with amplification is that the LO power is, in general, sufficient to ensure that
the receiver is truly LO-ASE beat noise-limited, without recourse to a narrow-band
optical filter to reduce ASE-ASE beat noise.
The SFDR for this link is given by:
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42 p2p2 2/3
4R*G*PP?, ] (5.4)

SFDR = 4
[8R20P,PwnB +1°B(2B; — B)
In Fig. 5-10, the SFDRs are plotted against the received optical power for this link
and three other links: a coherent AM link and direct detection links with and without an
optical preamplifier. The numerical values of the system parameters are listed in Table 5-
2. For small received optical power (Ps < 1mW), the amplified coherent AM link

~ performs better than the conventional direct detection link because the gain of the optical

preamplifier and the strong LO power lead to shot noise-limited performance while the
conventional direct detection link is thermal noise-limited. As the optical power
increases, the conventional link approaches the shot noise limit. In this regime, the
conventional link performs better because the amplifier coherent link has a worse receiver
sensitivity (due to the ASE noise of the optical amplifier and due to the extra processing
of the coherent detection technique). The shot noise-limited SFDR for these links are
listed in Table 5-3.

115

. Direct detection link::
110 | Amplified direct detection link::

© 1 :Coherent AM link:———— v culiE
" Amplified coherent AM link = b

105
Spurious-
free 100
dynamic
range, . :
dB-Hz" g4 g

85

80 |- S RN
75 - | RIN =-165dB/Hz
78.001 0.01 0.1 1 10

Received optical power, mW

Fig. 5-10. Spurious-free dynamic range vs. receiver optical power for the direct detection
and coherent AM links with and without an optical preamplifier.
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Table 5-3. Shot noise-limited and RIN-limited spurious-free dynamic ranges for the

direct detection and coherent AM links with and without an optical amplifier.

Shot noise-limited SFDR | RIN-limited SFDR
(dB-Hz2/3) (dB-Hz23)
Direct detection link 4(‘;&]2,3 'ﬁﬁrr
q
Amplified direct detection link 4[§L) .
q
Coherent AM link 2] w—
Amplified coherent AM link 4[ﬂ]m (r,,,:,—,m
q

Ps =0.1 mW

Spurious- g , , .
d free - 96 ......... ......... C Oherent AM link .. ......... ......... ........
ynamic | Amplified coherent AM link : '

é%n_gﬁé% . Direct detection link“ . _
92} Amplified direct detection link ... A W S
90
88;

86 R . . . . . . . KR
-170 -165 -160 -155 -150 -145 -140 -135 -130 -125 -120
RIN, dB/Hz

Fig. 5-11. Spurious-free dynamic range vs. RIN for the direct detection
and coherent AM links with and without an optical amplifier.

Because an optical amplifier adds ASE noise to the signal, the performance of the
amplified coherent link is degraded as compared to the coherent link. The minimum noise
figure for an ideal amplifier is 3 dB (corresponds to ng, = 1). The 3 dB noise figure stems
from the fact that not only the real ASE spectrum but also the image ASE spectrum is
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down-converted by the LO and folded into the IF band. It is possible, in principle, to
eliminate the image LO-ASE beat noise using of optical filtering or image-rejection
techniques; then, the amplified coherent link should achieve the same shot noise-limited
SFDR as the coherent link and amplified direct detection link.

The relative intensity noise (RIN) can degrade the performance of all four links.
In Fig. 5-11, the SFDRs are plotted against the RIN. It can be seen that all links behave
similarly. For the amplified coherent link, when RIN starts to dominate the system noise
(RIN worse than -150 dB/Hz), the link's performance approaches that of the unamplified
coherent AM link. Comparing with the direct detection links, RIN starts to affect the
system's performance of the coherent links at a lower RIN level. The RIN-limited SFDR
of coherent links is 4 dB worse than that of direct detection links; this penalty is due to
the squaring operation in the coherent AM receiver.” The performance of the coherent
AM receivers would be degraded further if a single photodetector receiver were used

instead of the balanced receiver shown in Fig. 5-9.
5.3 Experimental Results: Impact of Received Optical Power

This section deals with the performance of four experimental optical links we
constructed: (a) a conventional direct detection link, (b) an amplified direct detection link,
(c) a coherent AM link, and (d) an amplified coherent AM link. The block diagrams of
the experimental externally modulated direct detection and coherent AM links which we
constructed and investigated are shown in Fig. 5-12. Similar to the previous theoretical
section, we investigated four analog links: (a) a direct detection link without any optical
amplifiers, Fig. 5-12(a); (b) a direct detection link with an optical amplifier, Fig. 5-12(a);
(c) a coherent link without any optical amplifiers, Fig. 5-12(b); and (d) a coherent link
with an optical amplifier, Fig. 5-12(b).

Using the variable optical attenuator shown in Fig. 5-12, we varied the received
optical power for the coherent and direct detection links. The SFDR measurements of (a)
direct detection, (b) optically amplified direct detection, (¢) coherent detection, and (d)
optically amplified coherent detection analog optical links, are shown in Fig. 5-13.

Fig. 5-13 shows that the optically amplified direct detection link and coherent
links (with and without an optical amplifier) have a higher SFDR, by up to 4 dB, 7 dB,
and 9 dB, respectively, than the corresponding direct detection link, when the received
optical power is less than 10 mW. This is because the direct detection link is thermal
noise-limited at these power levels while both coherent links are closer to being shot
noise-limited. As the received optical power increases beyond 10 mW, the direct

93




detection link is not in the thermal noise-limited regime anymore and gives a higher
dynamic range than both coherent links. The direct detection link gives the best
performance as the received optical power increases beyond 80 mW. This is expected as
the links approach shot noise-limited operation.

Both coherent links have similar behavior for the range of received optical power
values examined, with the optically amplified coherent AM link having a 1 to 2 dB lower
SFDR due to the large noise figure of the optical amplifier. As shown in Eq. (5.3), this
penalty results from the ASE noise generated by the amplifier. As the received optical
power increases beyond 10 mW, the SFDR of the coherent links starts to saturate,

mostly due to the RIN of the lasers.
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Fig. 5-12(a). The block diagram of the experimental externally modulated
optical amplified direct detection link.
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Fig. 5-12(b). The block diagram of the experimental externally modulated
optically amplified coherent AM link.

For very small received optical powers, the optically amplified direct detection

link has a lower SFDR than both coherent links. However, as the optical power increases
to about 10 mW, the optically amplified direct detection link outperforms the coherent
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links and gives the best SFDR out of the four links. Beyond 100 mW, the direct detection
link has the best performance.
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Fig. 5-13. Spurious-free dynamic range versus received optical power for coherent
and direct detection links with and without optical amplifiers.

5.4 Dynamic Range Versus Link Loss Measurements

We have studied the major types of analog links: direct and coherent detection;
with and without optical amplifiers (OA); and with OAs at different positions. Our goal
is to answer the following question: what is the best analog link in terms of the spurious-
free dynamic range (SFDR). The answer to this question is discussed below.

In this section, we continue the results initially presented in Section 4.7 and
present measurements of the SFDR against the link loss for optically amplified links.
Link loss can easily be converted into the number of destinations or splits for distribution
systems and into transmission distance for point-to-point links. So, if one wants to build
a system with a prescribed number of splits or transmission distance, the plot of SFDR
versus link loss shows the best configuration.

With the development of optical amplifiers, the performance of both coherent and
DD links is expected to improve, enabling both to handle higher link losses. Optical
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Fig. 5-14(b). Block diagram of the coherent AM link showing the possible positions for

an optical amplifier.

amplifiers can be placed in the following positions in DD and coherent AM links (see Fig.

5-14):

(1) EDFA after the transmitter laser, to boost the signal power going into the

electro-optic modulator (EOM);
(2) EDFA after the EOM, to amplify the signal going out into the transmission

fiber; and

(3) EDFA before the optical receiver as a preamplifier, to amplify the signal at the

receiver.

For the coherent link, there is one additional position:
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(4) EDFA after the LO laser, to amplify the optical output of the semiconductor
LO laser.

Fig. 5-15(a) and Fig. 5-15(b) show the SFDR versus link loss measurements for
the DD and coherent AM links, respectively. In some link configurations, we could not
measure the SFDR for link loss close to or at 1 mW since the photodetector we are using
at our receiver saturates for optical powers above 1 mW. For both DD and coherent AM
links, with an EDFA before or after the EOM, we increase the optical power going into
the fiber; this enables the links to handle larger losses. Because of the loss in the
modulator, the link with an EDFA after the EOM has a higher power into the fiber and
can handle greater link loss than the links with the EDFA before the EOM.

The effect of the approximately 10 dB loss in the EOM is clearly seen in the DD
case; the separation between the two curves, for the link with the EDFA before and after
the EOM, is 10 dB. This phenomenon is not quite obvious in the coherent AM link,
since the performance of the link is affected by other effects such as the RIN of the lasers
and the much larger effect of the signal-ASE and ASE-ASE beat noises.

The main difference between the DD and the coherent AM links' curves is the
flattening in the low loss region for the coherent case because of the impact of RIN for the
single photodetector receiver. But overall, an EDFA still extends the link loss margin that
can be handled by the coherent AM link.

For both DD and coherent links, the EDFA in the receiver gives poor SFDR
performance because of the signal-ASE and ASE-ASE noises being the dominant noise
terms. This is due to the fact that when the input power to the EDFA is smaller, the
impact of the amplifier's ASE noise is stronger. Also, more ASE noise is collected at the
receiver as compared to the cases when the EDFA is before and after the EOM, since for
the latter cases the link loss attenuates the ASE noise while for the former all the ASE
noise generated goes into the receiver.

Similar reasons explain the performance of the coherent AM link with the EDFA
after the LO laser: the signal-ASE, LO-ASE, and ASE-ASE noises deteriorate the system
performance significantly; all the ASE noise generated is collected by the photodetector
since the EDFA is located at the receiver. When the EDFA is in the receiver, the
performance is slightly better since the input power to the EDFA is larger when the
EDFA is after the LO laser. -
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Fig. 5-15. Spurious-free dynamic range vs. the link loss for (a) the direct detection link,
and (b) the coherent AM link, with an optical amplifier at different positions.
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To summarize the results presented in Fig. 5-15, let us compare the performance
of the best four links for specific ranges of link loss. The results are replotted in Fig. 5-16
and stated in Table 5-4. For medium loss (link loss between 10 to 25 dB), the DD 1inks}
perform better because of the stronger impact of RIN on the coherent AM link.
However, the coherent AM link outperforms the DD link for high loss (loss greater than
28 dB) links due to the better sensitivity of the coherent receiver caused by the presence
of an LO laser.

Table 5-4. Summary: Best Link Design.

If the Link Loss, L, is: The Best Link (in terms of SFDR) is:
0dB<L<7dB Direct Detection, no EDFA
7dB<L<13dB Direct Detection, EDFA before EOM
13dB <L <28dB Direct Detection, EDFA after EOM
L>28dB Coherent Detection, EDFA after EOM

105
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wn
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Fig. 5-16. Spurious-free dynamic range vs. the link loss:
comparison of four of the best links.
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Chapter Six

Improving the Link Performance

The previous chapters on coherent AM links focused on the properties of this
link with regards to various system parameters and noise terms, and also the impact of
using an optical amplifier. We have shown numerous experimental investigations to
demonstrate the link properties and as proofs-of-concept. In these experiments, the
dynamic range values which we obtained were usually limited by the equipment we had
available. The performance of both coherent AM and direct detection links can be
significantly improved by auxiliary subsystems and/or by using better optical and
electrical devices. A discussion of these improvements and how they could be obtained is
the focus of this chapter. '

From its definition in Chapter 2, there are three ways to increase the link dynamic
range [1]: (1) increase the received optical power; (2) lower the noise; and, (3) lower the
nonlinearities generated in the link. In Section 6.1, we discuss the use of high power
lasers as a way to increase the received optical power; followed by lower RIN lasers in
Section 6.2 as one means of lowering the noise. Numerous ways of improving the electro-
optic modulator (EOM) response to lower the nonlinearities generated in the link are
presented in Section 6.3. Section 6.4 deals with the advantage of using a balanced or dual-
detector receiver for the coherent AM link. In short, a dual-detector receiver has the
combined effect of increasing the received optical power and lowering the noise. Section
6.5 contains a discussion on improving the link gain and noise figure. Finally, in Section
6.6 we present our experimental investigations on the dynamic range improvements
brought about by using a cascaded linearized modulator structure and Nd:YAG lasers,

which have higher power and lower RIN than conventional semiconductor lasers.
6.1 High-Power Lasers

The dynamic range, link gain, and noise figure improve, to varying degrees, with
increasing optical power. For example, a 10 dB increase in the received optical signal

power would increase the dynamic range by 6.7 dB and the link gain by 20 dB; and the
noise figure would decrease by 10 dB. Thus, using higher power lasers for both the
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transmitter and local oscillator can result in significant improvements in the link

performance.
6.2 Lower Relative Intensity Noise (RIN) Lasers

As shown in Section 4.5.2, for larger optical LO and signal powers, laser relative
intensity noise (RIN) causes degradation in the performance of the coherent AM link.
This is expected for a coherent AM link employing a single-photodetector receiver as that
of Fig. 4-9(a), since the impact of RIN is approximately proportional to the square of the
received signal and LO optical powers. It would therefore be advantageous to use lower
RIN lasers. As will be shown in Section 6.6, the use of lower RIN lasers may improve

the dynamic range by up to 10 dB.
6.3 Improving the Electro-Optic Modulator Response

At high frequencies, externally modulated links tend to have a higher dynamic
range and lower noise figure than directly modulated links [2, 3]. However, the dynamic
range of externally modulated links are usually limited by the sinusoidal L-versus-V
response (output Light-versus-drive Voltage) of the electro-optic modulator (EOM).
Therefore, significant improvements in the dynamic range can be obtained by modifying
the structure of the modulator so that it is more linear in the required region of operation.

There have been several schemes proposed in the literature for linearizing the

response of an EOM such as

(a) electronic linearization - feedforward and predistortion linearization;
(b) polarization mixing;

(c) using a parallel modulator structure;

(d) modified directional coupler; and,

(e) using a cascade structure of modulators.

Several experiments have been conducted and their improvements are shown in Table 6-1.
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Table 6-1. Comparison between the improvements from
the various EOM linearization schemes.

Maximum Maximum References
Reduction in 3rd { Dynamic Range
order distortion Imgrovement
Electronic 25dB >84dB 4
Feedforward
Electronic 16 dB 5.4 dB 5
Predistortion 16.4 dB 5.5dB 6
Polarization “ 14 dB 4.7 dB 7
Mixing 21 7 dB 8
Parallel - 20dB >7dB 9
Modulator
Modified 30 dB > 10 dB 10
Directional “ 33dB 11dB 11
Coupler
Cascaded 20 dB 7 dB 12
Modulators 34 dB 114 dB This study

We conducted our own experiments using the modulator in [13]; the results of

which will be presented in Section 6.6.
6.4 Balanced or Dual-Detector Receiver

Similar to a digital link, the laser RIN problem of the coherent AM link can be
- minimized by using a balanced receiver [14]. Balanced receivers can eliminate most of the
laser relative intensity noise in the receiver, and thus increase the coherent AM link's
dynamic range. In addition, all of the signal and local oscillator powers are used
effectively since no part of the optical signal is rejected, making it easier to operate in the
shot-noise limit [15]. For example, when the received optical signal power is 10 mW, the
LO power 10 mW, the RIN of both lasers is -150 dB/Hz, and the SFDR is 91 dB-Hz2/3
for a single-photodetector receiver and is 102 dB-Hz2/3 for a balanced receiver.

We will now present our theoretical investigation of the improvement in dynamic
range by a dual-detector receiver for coherent analog optical links.
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Fig. 6-1. Block diagram of coherent AM-WIRNA using a dual-detector receiver.

A coherent AM analog optical link using a dual-detector receiver is shown in Fig.
6-1. In the single-detector configuration, one of the coupler ports of the 3 dB coupler is
not used and half of the optical power is lost. Assuming the two branches of the dual-
detector receiver are perfectly balanced, the IF signals in the two photocurrents, i; and i3,
are 180 degrees out-of-phase. However, the LO RIN will be in phase. When the two
photocurrents are subtracted, the IF signal power is increased while the LO RIN is
attenuated. In this case, the combined additive noise density, Ay, at the output of the
dual-detector is (see Table 4-1 for symbol definitions):

M4 = TNy +2gR(P, + Pp) + 2R*P,P ;10" 6.1)

The last term in (6.1) represents the RIN generated by the signal-times-LO
product that is not attenuated in the balanced receiver. The spurious-free dynamic range

for the dual-detector link is expressed as:

4 2/3
4A277432 + 77;32(431 - Bz)}

SFDR = 41“3’3[ (6.2)

where 4 and Grare given by Egs. (4.3) and (4.5), respectively. In Fig. 6-2, the dynamic
range is plotted against the received optical power for a direct detection link and the two
coherent AM links employing single- and dual-detector receivers. As the optical power
increases, RIN starts to dominate and limits the dynamic range. In Fig. 6-2, we can see
that the coherent AM links are more susceptible to RIN than the direct detection link.
This is due to the strong LO power for the coherent AM links. Since the RIN power is
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proportional to the optical power, the dynamic range would be limited to a value
restricted by RIN. The RIN-limited SFDR for the three links are listed in Table 6-2
where a is the ratio of Ps and Py g in dB. Fig. 6-2 indicates that using a dual-detector
receiver in a coherent AM link improves the link dynamic range by up to 12 dB.
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Fig. 6-2. Dynamic range vs. received optical power for coherent AM links
and a direct detection link, for RIN = - 150 dB/Hz and P] O = Ps+20 dB.

Table 6-2: RIN-limited SFDR.

Analog optical links RIN-limited SFDR (dB-Hz2/3)
Direct detection link 6— 2 RIN
3
Coherent AM link with single-detector | 4 — —2-(05 +RIN)
3
Coherent AM link with dual-detector 72— 2 RIN
3
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6.5 Improving the Link Gain and Noise Figure

The obvious solution to improve the gain and noise figure of optical links would
be to use high gain and low noise electronic amplifiers before and after the link. Let us
look into this in more detail. In general, RF amplifiers can be added before and after the

optical link (as shown in Fig. 6-3).

q ’ Fl Gl ’ Fz 03 B F3
RE — > | Opical RF
Input Link Output
Link Link
Pre-amplifier Post-amplifier

Fig. 6-3. Optical link with a pre-amplifier and a post-amplifier.

The overall gain G of this amplifier- optical link - amplifier system is given by:
G = G1G2Gy 63)

where G is the optical link gain, and G; and G3 are the preamplifier and post-amplifier
gains, respectively. G> depends on the efficiencies of the electrical-to-optical and optical-
to-electrical conversions.

The total noise figure for the system shown in Fig. 6-3 can be determined using

the following expression:

Fy—1 Fy-1

6.4
G G& (64)

F=F1+

where F is the optical link noise figure, and F; and F'3 are the preamplifier and post-
amplifier noise figures, respectively.
For the case of optical links G1G> « 1 so that,

F3-1

= 6.5
GGy (6.5)

F

Expressing the terms in dB,

F=F3-G-Gy =F3-G+Gy, [dB] (6.6)
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This means that the noise figure can be minimized (a) using a high gain pre-amplifier G;
(b) increasing the optical power (corresponds to increasing Gj); and (c) minimizing the
noise figure, F'3, and gain, G3, of the link post-amplifier. The sum of the noise figure and
RF transfer ratio for the optical link is approximately constant:

F + G = F'3+G3 = constant (6.7)

Therefore, it is possible to construct a system having both desirable features of high gain
and low noise figure.

Other ways of improving the link gain and noise figure include: using better
components like EOM with lower losses [16], as well as the use of impedance matching
at both the transmitter and receiver ends of the link (to minimize RF reflection losses)
[17, 18] could also result in a link with a higher gain and lower noise figure.

6.6 Experiments with a Linearized Modulator, High Power, and
Lower RIN Lasers

In this section, we present our experimental investigations of the effect of using a
linearized modulator, high power and lower RIN lasers on the performance of the
coherent AM link. We show that significant improvements in the dynamic range can be
achieved by using better devices as discussed in the previous sections. We were limited
to those devices we had in our laboratory; such as the Nd:YAG lasers and the
photodetector that saturates at 1 mW of optical power. Even though this was the case,
we were able to demonstrate that with these better devices we achieved the highest
spurious-free dynamic range reported to date for a coherent AM link.

Bias 1 Bias 2

Light
Input

RF 1 RF 2

Fig. 6-4. Schematic representation of the Crystal Technology, Inc. linearized modulator.
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6.6.1 Description of the Modulator

In Section 6.3, we showed that significant improvements in the dynamic range can
be obtained by modifying the structure of the modulator such that it is more linear in the
required region of operation. We investigated the impact of a linearized modulator on the
SFDR of the coherent AM link. The linearized modulator was lent to us by Crystal
Technology, Inc. (CTI). The modulator's principle of operation is described in [13].

A schematic representation of the CTI linearized modulator is shown in Fig. 6-4.
The modulator is completely passive; no electronic predistortion, feedback, or
feedforward techniques are used. The linearization takes place entirely on the optical
chip. The linearized modulator is actually a cascade of two modulators: the second
modulator compensates for the nonlinearities introduced by the first modulator.
Linearization is achieved by properly biasing both modulators and tuning the relative
amplitude and phase of the two RF electrodes to suppress the second and third order
harmonics and intermodulation products (IMP) [19].

We measured the transfer curves (output optical power versus bias voltage) of the
linearized modulator. Since this modulator has two bias voltage ports, we obtained two
transfer curves: one with the bias 2 voltage fixed and the bias |1 voltage varying, and vice
versa. The results are shown in Figs. 6-5(a) and 6-5(b). The fixed voltages used are the
bias voltages yielding the optimum linearization. Note from the figures that these

voltages occur in the most linear region of the transfer curves.
6.6.2 System Description

The experimental set-up to measure the effect of the linearized EOM, higher
optical power and lower RIN lasers on the performance of the coherent AM link is
shown in Fig. 6-6. Nd:YAG lasers having a RIN of -164 dB/Hz and output power of +10
dBm (in the fiber) are used for both the transmitter and LO lasers.

The RF input signal is split two ways via a power divider and fed into the RF
ports of the EOM. Using different attenuations and cable lengths, the relative amplitude
and phase of the two RF input signals to each port can be adjusted such that the
nonlinearities are minimized [19]. The following is the tuning procedure we discovered to

obtain optimal linearization:

109




Polarization ...i}eacacaaes
Controller

Nd:YAG
Laser

Two-tone test signal

TrTrTLILRILLRLTRIRTRRRSE

RF Attenuator

|

VCO 1
Power

k---‘s--.-.‘-“ss‘--<

' Lowpass | gm| Power Divider
vCO I- Combiner, filter
@ Optical
Optical Attenuator
Fiber

Coupler Square RF
$ “D—J BPF{q{ Law Output
38 dB Gain Detector Signal
Polarization 1.25 dB NF

Controller

Optical
Attenuator
I
Nd:YAG
Laser

Fig. 6-6. Block diagram of the coherent AM link using a CTI linearized modulator and
Nd:YAG lasers.

(1) Connect the RF input signal to RF port 1 only; terminate RF port 2.

(2) Adjust bias 1 and bias 2 for minimum second harmonic generation at the link

output.
(3) Connect the RF input signal to RF port 2 (both RF ports are now connected).

(4) Adjust the attenuation in the RF 1 branch, while keeping the RF signal path
lengths the same, for minimum third order harmonics and IMPs at the link output.

(5) Adjust bias 1 and bias 2 for minimum second harmonic generation at the link

output.
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(6) Repeat steps (4) and (5) until the minimum nonlinearities is observed at the

link output.

(7) Measure the dynamic range.

6.6.3 Experimental Measurements

The SFDR versus link loss measurements are shown in Fig. 6-7. For comparison,

also shown in the figure are the SFDR measurements for the set-up shown in Fig. 4-1(a)

and presented in Section 4.6. For link losses greater than 15 dB, there is at least 12 dB

improvement due to a more powerful LO laser and a linearized modulator.

The

improvement due to the lower RIN is negligible in this high loss region since the received

optical powers are small. The improvement due to the linearized modulator is about 11.3

dB corresponding to 34 dB third harmonic suppression. This agrees well with the

specifications given by Crystal Technology.
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inl1 Hz
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95

dB-Hz?2

Fig. 6-7. Spurious-free dynamic range vs. the link loss for the coherent AM link
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At lower link losses, down to 0 dB, as much as 10 dB additional improvement is
brought about by a lower RIN in both LO and transmitter lasers.

Our experiments provide strong evidence that the dynamic range of coherent AM
links can be improved by using better devices. The SFDR of 115 dB-Hz2/3 we obtained
is the best dynamic range ever attained with a coherent analog link; it was obtained using
modest optical powers of 1 mW LO and 0.5 mW received optical signal, and this was
because we were limited by the saturation of our photodetector for higher optical powers.
We are confident that even higher SFDR values can be obtained using much better devices.
In addition, we have experimentally obtained up to 34 dB reduction in third-order IMD,
the largest reported for any modulator linearization scheme for any type of analog optical
link.

Although these measurements were conducted using Nd:YAG lasers, which have
very narrow linewidths and high power, our link is capable of using semiconductor lasers
with high optical output power and considerable linewidths. We have shown earlier that
by proper design, the coherent AM link can be made linewidth-insensitive. Certain
laboratories have research efforts underway for producing very high power semiconductor
lasers. The results shown here provide a proof-of-concept demonstration on what

dynamic ranges can be obtained with high optical power.
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Chapter Seven

AM Links: Conclusions

7.1 Summary

The studies of amplitude-modulated optical links conducted within this part has
provided a comprehensive survey of techniques in improving the performance of current
analog optical links [1, 2, 3]. These studies also led to the recommendations for several
optical experiments to be constructed in order to adequately demonstrate the features and
advantages of certain advanced analog links.

We have studied theoretically four types of amplitude-modulated optical links:

homodyne AM-WIRNA links:
(a) 2-port homodyne link;
(b) K-port homodyne link; and
(c) 2K-port homodyne link;
heterodyne AM-WIRNA links;
optically amplified direct detection links;
optically amplified heterodyne AM-WIRNA links.

We have successfully built and tested the following links operating at 2 GHz:

» a conventional direct detection link;

+ a heterodyne AM-WIRNA link;

» a direct detection link with a semiconductor amplifier;

» a direct detection link with an erbium-doped fiber amplifier;

« a heterodyne AM-WIRNA link with a semiconductor amplifier;

+ a heterodyne AM-WIRNA link with an erbium-doped fiber amplifier;

For low received optical power (< 100 pW), optical amplification, coherent

detection, or both can be used to improve the dynamic range of the links. However, for
high received optical power (>1 mW), the conventional direct detection link gives the best
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performance. The shot noise-limited SFDR of the conventional direct detection link is 2
dB higher than that of the amplified direct detection and coherent AM link; this is due the
3 dB noise figure of the optical amplifier in the amplified link and the extra signal
processing in the coherent receiver for the coherent AM link. We have also shown that
the coherent AM links are more sensitive to RIN than the direct detection links. The
RIN-limited SFDR of the coherent AM links is 4 dB worse than that of the direct
detection links.

Through the construction, measurement and analysis of the four experimental
links, we were able to make a performance evaluation of practical optical links using
optical amplification, coherent detection, and both techniques, using readily available
optical and microwave components. Our experimental results follow the same behavioral
trend as that predicted by theoretical models we constructed. Both theory and
experiment present cross-over points between the four links' dynamic range performance,
and agree that these are due to noise terms like thermal noise, shot noise, RIN, signal-ASE
noise, ASE-ASE beat noise, and LO-ASE beat noise becoming dominant as the received
optical power changes. However, our measurements only show modest improvements

when using an optical amplifier and coherent detection techniques.
7.2 Recommendations for Future Work

In Chapter 3, we have discussed the advantages of using balanced receivers. Since
balanced receivers reject common mode signals, the second harmonic components in the
homodyne links and the common mode noises, such as the LO RIN, are suppressed. It is
very important to suppress the LO RIN because of the high optical power requirement of
analog optical links. In addition, these receivers allow more efficient utilization of the
received optical power. Balanced receivers are commercially available for about $20K.
With these receivers, we would be able to improve the performance by more than 3 dB.

In this project, we have experimentally demonstrated the feasibility of coherent
heterodyne links. It is difficult to obtain RF components for an arbitrarily high IF. A
finite IF can cause a small penalty to the receiver sensitivity. As discussed in Chapter 3,
homodyne links are also useful for analog applications. However, homodyne links, in
general, require more complex optical processing and in some cases, custom-made

components are required.
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Chapter Eight

Coherent FM and PM Links

8.1 Potential Dynamic Range Improvement Using Angle Modulation

Angle modulation is well-known to offer potential performance advantages over
amplitude modulation in analog links. These advantages are exploited in commercial FM
radio and video. There are a number of reasons to believe that angle modulation could be
useful in optical systems. Wideband angle modulation provides improved signal-to-noise
ratio at the expense of increased transmission bandwidth. Because optical fiber offers a
very large potential transmission bandwidth, optical transmission systems are well-suited
to handle expanded bandwidth signals.

Angle modulation can be achieved in analog links using either direct or external
modulation. The frequency of semiconductor laser diodes can be directly modulated by a
varying input current, which changes the index of refraction of the laser gain medium.
Using multi-section lasers, the optical frequency can be varied independently of the
optical power. External angle modulation is based on optical phase modulators, which are
essentially ideally linear, in contrast to the highly nonlinear characteristics of Mach
Zehnder amplitude modulators. The linearity of optical phase modulators can be
exploited to both PM and FM systems to achieve large spurious-free dynamic range
(SFDR - see Section 2.1.1.2). ’

Coherent detection provides both amplitude and phase information about the
detected optical field, and it is thus well-suited to the detection of angle modulated
signals. However, because angle modulated links carry their information in the optical
phase, they are intrinsically sensitive to the laser phase noise in coherent detection links.
In Section 8.2, we present an analysis of the SFDR, RF power transfer ratio, and noise
figure of coherent PM and FM links. In Section 8.3, we compare their performance to
that of AM coherent and AM direct detection links. Section 8.4 contains references.
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8.2 Coherent PM and FM Links

8.2.1 Link Descriptions

An externally modulated PM coherent link is shown in Fig. 8-1. The input signal
1s phase modulated on an optical carrier. At the receiver the signal is combined with the
LO laser light using a 3 dB directional coupler and detected. It is then amplified at the IF,

limited, put through a delay line filter, envelope detected, and integrated.
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Fig. 8-1. Externally modulated coherent PM link
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Fig. 8-2(a). Externally modulated coherent FM link

122

IEMow




Gain Input
current signal

 FMow:
an Env (e

Limiter -,

Fig. 8-2(b). Directly modulated coherent FM link

IF
Amplifier

Externally modulated and directly modulated coherent FM links are shown in
Figs. 8-2(a) and (b), respectively. In Fig. 8-2(a), the input signal is integrated before being
applied to a phase modulator. In Fig. 8-2(b), the input signal is applied to the grating
section of a semiconductor laser diode, generating optical FM. The FM receiver is
identical to the PM receiver, except that there is no integrator before the output.

In all cases, there is filtering implied in the baseband and IF amplifiers. For the
purposes of our analysis, we assume that the amplifier bandwidths are sufficiently broad
to pass signals undistorted, including signals with bandwidths broadened by phase noise.
In the coherent systems, balanced receivers are utilized to both increase the collected

signal power and suppress part of the laser relative intensity noise (RIN) {1].
8.2.2 Impact of Laser Linewidth, RIN, and Receiver Noise

The output signal-to-noise ratios (SNRs) for the PM and FM links are derived in
Appendix C.1.1 and are given by

SNRpy, = 0 : 14R2Psiw(f ) T 2
4R2Pst<(¢,.s "‘in) >+Zb(RPs) <nftsz,p>+zb(RPw) <"12twbp>+<"12>bp>
= Q2SNRpy,
8.1
o, Y 4B°R*P,P,,(x* (1))
SNRFM:(—B—) 2 . . 2 1 2/.2 1 2/ .2 .2
4R Ps”w((‘P,u - 9u0) >+Zb(RPs) <’1Rpr>+Zb(RPw) <nRLObp)+<nDbp>

2
()]
= (—Eé.) SNRFMD

(8.2)
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where R is the responsivity of the photodetectors, B is the bandwidth of the baseband
signal x(¢), and b is the photodetector matching factor, which is defined in Appendix
A.2.5. P; is the received optical power, P, is the local oscillator power, and (xz(t)) is
the average power of the two-tone applied signal, which is normalized to one. The
normalized SNRs SNRpy, and SNRgu, are the SNRs for each of the links for a unity
modulation index; note that the modulation indices may exceed unity. The various noise
expressions in Egs. (8.1) and (8.2), which correspond to phase noise, RIN due to the
signal laser, RIN due to the local oscillator laser, and receiver noise, are evaluated in
Appendix A.2.

The SNR expression SNRgy, is accurate for both directly modulated and
externally modulated FM links. As shown in Appendix C.1, the form of the transmitted
optical signal is identical for both, which is the reason that a single SNR expression has
been given.

Egs. (8.1) and (8.2) indicate that the SNR increases monotonically with the
modulation index. The maximum useful modulation index is limited by intermodulation
distortion associated with nonlinear effects. In the next section, we derive expressions for
the maximum useful modulation index and the associated spurious-free dynamic range.

8.2.3 Spurious-Free Dynamic Range (SFDR)

In this section, we derive the spurious-free dynamic range (SFDR) for a link with
a single channel. This derivation is fully general for any link with an SFDR limited by
third-order nonlinearitics, which is the case in our analog angle modulated links assuming
that the transmitter sections are perfectly linear. The output current expressions of

Appendix C.1 can be written in the form
i (1) = s{rx(0) + B[ ()] }+ 1,0) (8.3)

where r is the modulation index, s is the signal amplitude, b3 is the coefficient describing
the third-order nonlinearity, and n,,(?) is the total noise. The nonlinearity for the PM
link is of a slightly different form and is discussed below. Table 8-1 gives r and b3 for the
two links. In Section 8.2.2, we showed that generic SNR expressions for the various links

can be written as
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SNR =r = r’SNR (8.4)

Table 8-1. Modulation index r and nonlinear coefficient b; for the various links.

PM FM
r Pa wp/B
b3 | -1/6(Dfmax/2fir)? -1/6(B/4fir)?

The key performance measure of an analog link is the spurious-free dynamic range
(SFDR), defined as the ratio of the maximum signal power to the minimum signal power
the link can transport. At high modulation depths, the third order nonlinearity results in
significant intermodulation products falling within the signal band. From Section 2.1.1.2,
the SFDR is the SNR at which the intermodulation power is equal to the noise power.
We assume a normalized test signal of the form

x(t) = e, cos(@,r + @,) + &, cos( @t + ,) - (8.5)

where o + o =1, giving (xz(t)) =0.5; and ¢; and ¢, are arbitrary constant phases. For
less than one octave of bandwidth, the maximum intermodulation power falling within the
band is
2 9 2126 ’
V) = ——=S8b;r 8.6
<1NL3> 128" (8.6)

where the only important terms falling within the signal band are those at 2w, - @, and
2w, - w;. This occurs for @, = @, =1/+/2. Setting the intermodulation power equal to

the noise power, we find that the maximum useful modulation depth is given by

1/3
, (64 1
=| & 8.7
’ (9 bjSNRo) &7)

Because the SFDR is defined as the SNR at the maximum useful modulation depth, Eq.
(8.7) is substituted into Eq. (8.4) to give the SFDR,
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8SNR

SFDR =| 2225, (8.8)
[ 3(b| J

From Eq. (C.12) of Appendix C.1, the total intermodulation power for an FM link
is easily obtainable by substituting in Eq. (8.5). For a PM link with the test signal of Eq.
(8.5), the total intermodulation power is given by

K*le3( 1 Hi o’w, Y oo,
2 V=2 | Xa2| ala, ——2 | +| P, ——— 8.9
(IN“) 2 [6 4(4le)][( 1 22“’1_("2) ( ? lzwz-wl)J ( )

It can be shown that the worst case (i.e., maximum (i,f,u)) occurs for &, =, =1/+/2 and
o, = w, =2nf,,., where f, is the maximum signal frequency; for a one octave signal
bandwidth, £, =2B.

The corresponding values of b3 is given in Table 8-1. Using these values of b3, the

SFDRs of the coherent PM and FM links are then given by Eq. (8.8).
The SFDR expressions given in this section for coherent FM links are based upon

the assumption that the nonlinearity which limits link performance is generated by the
discriminator filter, not the transmitter. The validity of this assumption for externally
modulated FM links is discussed in Appendix C.1.2. For directly modulated FM links,
the linearity of the FM response of semiconductor laser diodes is device-dependent and
also not well documented in the literature, and as a result we assume that the assumption
is also valid for these links. The SFDR results in Section 8.3 for directly modulated and
externally modulated FM links are therefore identical.

8.2.4 RF Power Transfer Ratio and Noise Figure

The RF power transfer ratios and noise figures of the coherent PM and FM links
are defined and derived in Appendix C.1.2. The RF power transfer ratio for an externally
modulated FM link is

2 2
S, 1 (4
Gopriext. ruy = 3 (4f,r J 4r2Pst(Wj RiL, (8.10)

i

For the externally modulated coherent PM link, the RF power transfer ratio is
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1 n
C i (-—4 A ) 4r’Pst(W) RIL, (8.11)

which is identical to that of the externally modulated coherent FM link.
For the directly modulated coherent FM link, the RF power transfer ratio is

500y

2
Gomm.rm =( I ) 4r2PSPL0Lnl (8.12)

IF

The parameters in the above equations are defined in Table 8-3 and in Appendix C.1.2.
The derivation of noise figure is straightforward using the formula

noise power at link output

8.13
G i kTB (8.13)

F(unt) =1+

We give below the output noise powers for the coherent PM and FM links. The noise
figure is then obtained directly from Eq. (8.13).
The noise power at the output of the externally modulated coherent FM link is

’ 2
Tiese.Fm) = Rs(z}_) |:4"2Pspw[47EAvB] +£—2—;T—)-(4qr(Ps + Py )+ 4£T )(

IF S

fon = o )]

(8.14)

The noise power at the output of the directly modulated coherent FM link 1s

IF N

1Y, 27 4T 5
nmr.rM)=Rs(4_f") |i4" PsPLo[4”AvB]+( ;t) (4qr(1)S+Pw)+T)(fmax—fmin)]

(8.15)

which is identical to the output noise power for the externally modulated coherent FM
link.
The noise power at the output of the externally modulated coherent PM link is

2
1 Av | 1 | : 4kT
= R| ——— || 4r*P,P, - +| 4gr(P.+ P ,}+ B
Next. PM) S(4f,FRC)[ rrg wl: T [fmm fmaxJ} ( qr( s LO) R, J }
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(8.16)

Again, the parameters in the above equations are defined in Table 8-3 and in Appendix
C.1.2.

8.3 Results and Discussion

In this section, we evaluate the SFDR, RF power transfer ratio, and noise figure of
coherent PM and FM links and compare their performance to that of AM coherent and
AM direct detection links. Note that the theoretical values for the AM links in this
section will slightly overestimate the attainable SFDR shown in Chapter 4 due to the fact
that amplifier noise figures and other experimental link imperfections have been ignored.

8.3.1 SFDR Comparison

We are now in a position to evaluate the SFDR of the coherent PM and FM links
for a variety of parameter values, and to compare their performance to that of coherent
AM and DD links. Note that the plots for coherent FM refer to both directly modulated
and externally modulated FM links. The main system parameters include received optical
power”, LO power, RIN, laser linewidth, signal bandwidth, and receiver intermediate
frequency. In the examples considered, the signal occupies a one octave of bandwidth
from 1 - 2 GHz.

We consider only combinations of laser parameters corresponding to two lasers
typically used in optical communication systems: a diode-pumped Nd:YAG laser and a
distributed feedback (DFB) laser diode. Diode-pumped Nd:YAG lasers exhibit low .
relaxation oscillation frequencies and narrow linewidths, whereas DFB laser diodes exhibit
high relaxation oscillation frequencies and wider linewidths. In the following calculations,
we will assume the two sets of laser parameters shown in Table 8-2. We will also
assume, for the coherent links, that the local oscillator exhibits the same RIN and
linewidth characteristics as the signal laser for each case. The DFB laser parameters are
typical of a number of commercial lasers (e.g., Toshiba model TOLD335S-AH]I, Fujitsu
model FLD150F2KP) as are the Nd:YAG parameters (Lightwave Electronics Series 122,

* For the coherent AM and DD links. the received optical power is normalized to take into account the
intrinsic loss due to the biasing of the exiernal amplitude modulator at the half-power ransmission point.
This is for the purposes of a fair comparison to the angle modulated links.
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Amoco Laser Company model ALC 1320-25EHS). The quantities in Table 8-2 are
defined in Appendix A.2.

Table 8-2. Laser parameters used in numerical calculations

DFB Laser Diode Nd:YAG Laser
Linewidth Av 10 MHz 5 kHz
RIN PSD 1z -155 dB/Hz -110 dB/Hz
RIN roll-off freq. fx 3 GHz 200 kHz

Throughout our analysis, we assume a receiver front-end thermal noise power of
3.31 x 10-22 A2/Hz, corresponding to a 50 Q resistor at room temperature. This
assumption is further discussed in Section 8.3.3. We also assume that the two
photodiodes in each balanced receiver are well-matched, so the photodetector matching
factor b for each link is 0.01 (b is defined in Appendix A.2.5).
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Fig. 8-3. SFDRs of DD, AM, PM, and FM links plotted against received signal optical
power for a DFB laser with parameters in Table 8-2.

Fig. 8-3 compares the SFDR of the various links vs. normalized transmitted signal

optical power (F;) for the DFB laser considered. At signal power levels less than 1 mW,

the SFDR of the DD link is dominated by receiver thermal noise, and its curve has a slope

129




of 4/3. Above 1 mW, shot noise and RIN become significant. In the RIN-limited regime,
the DD link SFDR is independent of signal power. At low signal levels, the coherent AM
link SFDR is dominated by LO shot noise (slope of 2/3), and shows a marked advantage
over the DD link. At higher power levels, the coherent AM link has an intrinsic
disadvantage with respect to the DD link due to the extra baseband RIN and shot noise
encountered in a heterodyne receiver. At very low signal power levels (< -30 dBm), the
SFDR of the PM and FM links is dominated by LO shot noise. However, above -30
dBm, phase noise is dominant and the SFDR is essentially independent of signal power
level for both the PM and FM links.
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inl GHZ 30
bandwidth
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Received signal optical power, dBm

Fig. 8-4. SFDRs of DD, AM, PM, and FM links plotted against received signal
optical power for an Nd:YAG laser with parameters in Table 8-2.

In Fig. 8-4, SFDR is plotted vs. P; for the Nd:YAG laser parameters in Table 8-2.
At low signal power levels, the behavior of the DD and AM links is identical to that with
the laser diode. However, at high power levels, the low RIN of the Nd:YAG laser results
in a higher SFDR for both the AM and DD links. The PM and FM links exhibit
substantial improvements in performance compared to the laser diode case, due almost
entirely to the decreased phase noise of the Nd:YAG laser. The PM and FM links exhibit

larger SFDRs than the DD link up to a signal power level of 10 dBm.
Fig. 8-5 shows a plot of SFDR vs. laser linewidth for the PM and FM links for P

values of -30 dBm, -15 dBm, and 0 dBm. We have chosen the RIN level and the RIN roll-
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off frequency to be representative of the laser diode in Table 8-2. The signal and local
oscillator lasers are both assumed to have linewidths equal to the linewidth value at each
point on the plot. Due to the inherent immunity of PM and FM links to RIN, the curves
for the Nd:YAG RIN parameters will be nearly identical. At low received power levels,
the linewidth has little impact, since the noise is dominated by thermal noise. At high
received power levels, the impact of phase noise on the PM and FM links 1s severe, with
the SFDR being reduced by 7 dB for every factor of 10 increase in the linewidth. At
signal power levels of -30 dBm, -15 dBm, and 0 dBm, the phase noise becomes dominant
over all other noises for linewidths of 5 MHz, 200 kHz, and 5 kHz, respectively.

70
60
SFDR, dB,50
in 1 GHz .
bandwidth e
fmin=1:GHz
30| fmax =2:GHz ¥
P LO=10mW: -
F=10GHz
20 . M X A X oL . ool N oLy . Lo
102 103 104 105 106 107 108

Linewidth, Hz

Fig. 8-5. SFDRs of PM and FM links plotted versus linewidth for received signal power
levels of 0 dBm, -15 dBm, and -30 dBm.

Fig. 8-6 shows the SFDR of the PM and FM links vs. the intenmediate frequency
(IF). The two sets of curves correspond to the two lasers considered (see Table 8-2).
For a signal bandwidth of 1 GHz, increasing the IF from 5 GHz to 25 GHz increases the
SFDR by approximately 10 dB for all four cases shown. The increase in SFDR is due to
two causes: (1) the improved linearity of the frequency discriminator (which 1s utilized in
both the PM and FM links), and (2) the reduced RIN at frequencies above the RIN roll-
off frequency (see Appendix A.2.4). The reduction in RIN due to roll-off plays a much
more significant role in links using single-photodetector receivers than in links using

balanced receivers; for the cases shown, essentially all of the improvement in SFDR 1s due
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to the improved discriminator linearity. In these calculations, we have again assumed that
the receiver thermal noise PSD is independent of the IF, as explained at the beginning of

this section.
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Fig. 8-6. SFDRs of PM and FM links plotted versus IF for the two different
sets of laser parameters. The received signal optical power is set at 0.1 mW.

At low received signal power levels (P; < 100 mW), coherent links exhibit notable
SFDR advantages over direct-detection links. This is expected because the local oscillator
"pulls” the detected signal up to higher levels, and thus allows operation in the shot noise
limit for LO power levels in the milliwatt range or higher.

For PM and FM links at low power levels, the shot and thermal noise dominate
phase noise effects and the PM and FM links exhibit superior performance to AM and
DD links. For laser linewidths of 10 MHz, the phase noise dominates link performance
for P, > -30 dBm. For laser linewidths of 5 kHz, the phase noise dominates link
performance for P; > 0 dBm. Figs. 8-3 to 8-5 show that, for the performance of the PM
and FM links to exceed that of a DD link at a received power level of 0 dBm, the
combined linewidth of the signal and LO lasers must be < 100 kHz. In the PM and FM
links, a balanced receiver suppresses the self-homodyne RIN terms, as is the case in AM
links. However, because there is no signal information in the envelope of PM and FM
signals, these systems can use a limiter to suppress heterodyne RIN, and PM and FM

links can thus be made completely insensitive to RIN.
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8.3.2 RF Power Transfer Ratio and Noise Figure Comparison

Table 8-3 shows the values of component parameters which we used in the

numerical computation of link RF power transfer ratios and noise figures.

parameters were chosen to be representative of realistic system components.

Table 8-3. Parameter values used in numerical computation of

RF power transfer ratios and noise figures.

The

Parameter Assumed Value Parameter Assumed Value
LO power P, 10 mW Maoad. voltage V, 15V
RIN -155 dB/Hz HIPM index 3 1
Relaxation osc. freq. 2 GHz RC time constant 1.21E-9 s
Laser linewidth Av | 10 kHz or | Source imped. R, 50 Q
MHz

Signal bandwidth B 1 GHz Conversion loss o 6 dB
Min. sig. freq. fj,,_,_,n 1 GHz Nonlinear loss L, 6 dB
Max. sig. freq. f,., 2 GHz Int. freq. fr 10 GHz
Laser FM resp. ¥ 1 GHzZZmA Responsivity r 0.8

The RF power transfer ratios (PTRs) of the angle-modulated links for the parameter
values in Table 8-3 are compared to those of the direct detection link in Fig. 8-7; these RF
PTRs measure the efficiency of the links without any amplification. As a result, the RF
PTR indicates the amount of amplification which is required for the link output power to
equal the link input power. The values of RF PTR in Fig. 8-7 do not take into account
excess losses in the link, nor do they count the power required to drive the gain section of
the laser in the direct FM case. This explains why actual RF gain is possible in the direct
FM case for sufficiently high optical powers. The main point of Fig. 8-7 is that the
directly modulated FM link has far lower RF loss due to the high conversion efficiency
(on the order of 1 GHz/mA) of input RF current to optical frequency deviation. This
efficiency is far better than that of the externally modulated direct detection or angle
modulated links. The RF loss of the direct detection link is 10 to 20 dB less than that of
the externally modulated PM and FM links due to the large losses of the integrator and
discriminator in the PM and FM links. Table 8-1 and Fig. 8-6 make clear that an increase

in the receiver intermediate frequency improves the linearity of the
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Fig. 8-7. RF power transfer ratios of a directly modulated FM link, externally
modulated PM and FM links, and a direct detection link plotted versus received
signal optical power for the parameter values in Table §-3.
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Fig. 8-8. Noise figures of a directly modulated FM link, externally modulated
PM and FM links, and a direct detection link plotted versus received signal
optical power for the parameter values in Table 8-3 and two different
values of laser linewidth.
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discriminator in angle modulated links and hence their SFDR, but at the cost of greater RF
loss in the link.

The noise figures of the four links are compared in Fig. 8-8, again for the
parameters in Table 8-3. The values of noise figure are extremely high since there is no
amplification in any of the links and since phase noise, RIN, and receiver noises are
generated in the link. ‘These noise figures will clearly be significantly reduced through the
use of suitable low-noise amplifiers in the link (from Eq. (C-24) in Appendix C.1.2). The
main trends of note in Fig. 8-8 are the reduction of noise figure with increasing optical
power and with decreasing linewidth. In the direct detection link, this trend 1s strongl'y
evident since the receiver thermal noise is independent of optical power. In the angle
modulated links, the output SNR does not depend on optical power if the linewidth 1s the
dominant noise in the link, which explains the constant link noise figures for a linewidth
of 1 MHz.

8.3.3 Implementation Considerations

In this section, we discuss some limitations of the system models used and
practical considerations based on the -characteristics of real components. In Section
8.3.3.1, we consider optical frequency modulation. In Section 8.3.3.2, we consider

operation at high intermediate frequencies.
8.3.3.1 Optical Frequency Modulation

There are two major methods of generating FM optical signals: direct modulation
of a laser diode and using an external modulator. In direct modulation, FM is obtained by
modulating the current applied to a laser diode. Ideally, such a laser has a linear frequency
versus current characteristic and does not exhibit spurious amplitude modulation. Multi-
section DFB and DBR lasers come closest to achieving these objectives. However, some
degree of spurious amplitude modulation is observed in all directly modulated lasers.
Such amplitude modulation is suppressed in the systems analyzed through the use of a
limiter, which also serves to reduce the impact of laser RIN.

In our nonlinearity analysis, we have assumed that the nonlinearities of the FM
system are dominated by the nonlinear transfer characteristic of the discriminator filter.
In an actual system, it is not clear that the nonlinearity of the frequency versus current
characteristic of the laser will be insignificant compared to the nonlinearity of the
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discriminator. In principle, nonlinearities in the frequency vs. current characteristic can be
compensated for in the discriminator filter. However, it is unattractive to have to
customize the discriminator filter characteristic for a given laser. This suggests that the
development of lasers with a highly stable and linear (or at least a reproducible) frequency
versus current characteristic is desirable if high dynamic range FM links are to be
obtained.

The use an external phase modulator with an integrator at its input is known as
indirect FM [2]. The optical phase modulator is a nearly ideal, linear modulator. An ideal
integrator has an amplitude transmission inversely proportional to frequency, a constant
group delay, and linear phase [3]. Nonlinearities will tend to arise in the transmitter from
a nonideal integrator. We have modeled our integrator as a lowpass filter with a single-
pole rolloff, which for frequencies much larger than the 3 dB bandwidth is very close to
an ideal integrator. The cost of this highly linear integration is RF loss, which must be
compensated for using amplification after integration. Also, due to the limited phase
swing of external phase modulators (and hence the limited achievable frequency deviation,
as discussed in Appendix C.1.3), a larger input power must be expended using an external

modulator than direct modulation of a laser diode.
8.3.3.2 Operation at High Intermediate Frequencies

The improved linearity and RIN suppression achieved in the PM and FM links is
associated with operation at a high IF. There are, however, practical limitations to the IF
based on available component technology. Using commonly available microwave
components, IFs in the 10 - 20 GHz range are practical. Substantially higher IFs may be
difficult or expensive to achieve. Additional»ly, in principle, receivers operating at lower
frequencies can use higher input impedances to achieve lower thermal noise power
spectral densities (PSDs) than those operating at high frequencies [4]. However, to
utilize standard microwave amplifiers with input impedances of 50 W, it is convenient to
use photodiodes with an output impedance of 50 W. There are a number of commercial
photodiodes with 3 dB frequencies of > 20 GHz which provide a 50 W output
impedance (e.g., BT&D model no. PDC4310). We assume that such a photodiode is
utilized in the systems we have analyzed.

The increased SFDR associated with increasing the IF is due primarily to the
improved linearity of the delay-line discriminator at high frequencies (a secondary effect
is a reduction in RIN). This SFDR improvement will only be evident, however, if
adequate amplification is provided in the receiver to compensate for the increased loss due
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to the small slope of the discriminator frequency response. At some point, other
nonlinear effects may become dominant, and increasing the IF will not necessarily lead to
further increases in the SFDR.
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Chapter Nine

Reference Transport Links: Interferometric Approach

In this chapter, we consider reference transport as a means of transmitter phase
noise cancellation (PNC) in angle-modulated analog links. In Section 9.1, we introduce the
reference transport concept and describe our motivation for investigating it. In Section
9.2, we describe conventional approaches and why they do not work for coherent angle-
modulated analog links. We then present our novel approach to deal with the PNC
problem, which utilizes interferometric links. In Section 9.3, we describe our novel
approach to optical frequency shifting through sideband generation using electro-optic
external modulation and other possible approaches. In Section 9.4, we describe angle
modulated heterodyne interferometric links, which are based upon the novel approach of
section 9.3, and give SNRs, SFDRs, RF power transfer ratios‘, and noise figures for both
phase and frequency modulation. In Section 9.5, we describe angle modulated homodyne
interferometric links and give SNRs, SFDRs, RF power transfer ratios, and noise figures
for both phase and frequency modulation. In Section 9.6, we compare the SFDRs, RF
power transfer ratios, and noise figures of the links in Sections 9.4 and 9.5 with those of
intensity-modulated direct detection (IMDD) and coherent angle-modulated links. In
Section 9.7, we describe and give results for a proof-of-concept HIPM link built in our

laboratory. Section 9.8 contains references.
9.1 Introduction: Reference Transport Links

As seen in Chapter 8, laser phase noise is the primary factor limiting the SFDR of
coherent angle-modulated analog links, particularly those using semiconductor lasers.
Techniques to reduce or eliminate the impact of phase noise are, as a result, of great
interest for these links. Reference transport techniques for PNC modulate only part of
the source laser power while transporting the remainder to the receiver. That power is
used as a reference to cancel the phase noise of the transmitter. Such systems can be
realized in a variety of ways which may bear little resemblance to each other. .

In basic reference transport systems, the power from the source laser is split

before modulation. The light in one of these arms is modulated with the signal, while the
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light on the second arm is sent to the receiver through an auxiliary path and used as the
local oscillator (Fig. 9-1). An auxiliary path can be realized in a variety of ways, including
a separate fiber or an orthogonal polarization in a single fiber [1]. The optical portion of
this system is essentially an interferometer. In order to obtain the desired performance,
the phase of the optical carrier in the reference arm must be related to that in the signal
arm. This means that the optical lengths of the two arms must be matched to within a
fraction of the coherence length of the source laser; for laser diodes with linewidths on the
order of 100 MHz, this requires matching path lengths to within less than 1 m. Note that
this kind of approach cannot be used for coherent links, since the phase noise of the local

oscillator (LO) laser cannot be canceled.
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RECEIVER

Modulator ~ signal

— . Output
: PD —®1 Discriminator [-#- Filter [—-»

Reference fiber

sosssonsdrceronved

‘e -

Fig. 9-1. A basic reference transport system employing an additional fiber to deliver the
local oscillator signal to the receiver.
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Fig. 9-2. Reference transport system utilizing an unmodulated carrier as a reference.

A more sophisticated reference transport system [2] is shown in Fig. 9-2. It has
no auxiliary path and a second laser can be used as the LO. The operation of this system
depends on the presence of a strong unmodulated carrier term embedded in the received

signal spectrum. In the receiver, the unmodulated carrier is separated from the modulated

139




signal spectrum and used as a reference, allowing cancellation of phase noise. This
technique is applicable when there is appreciable power in the carrier and when the signal
sidebands are well separated from the carrier.

Reference transport links like that of Fig. 9-2 have been used successfully in
narrowband phase-modulated analog links [2, 3]. This is because the small modulation
index (<< 1) of narrowband phase-modulated signals allows the signal to be expanded as

SO

cos(ar + @[x(1)]) = cos(wr) cos(p[x(1)]) - sin(wr)sin(P[x()])

([x(0)])’

©9.1)
= cos(wf)-—[(p[x(t)]-—-————+ .. .]sin(wt)

3!

Eq. (9.1) shows that the signal sideband ¢@[x(7)]sin(wt), which is an AM signal,
can be filtered out and demodulated just as in the heterodyne AM-WIRNA link. In this
case, the signal will be distorted by third-order intermodulation distortion (IMD)
products of exactly the same form as in AM-WIRNA. The SFDR performance and
bandwidth requirements of narrowband angle-modulated links, as a result, are identical to
those of AM-WIRNA.

As described in Chapter 1, a modulation index of at least 1 is required for angle-
modulated links to show a significant SNR improvement over AM links. To detect the
resulting wideband signal, a delay-line discriminator which mixes the signal and a delayed
version of itself (shown in Figs. 9-7 and 9-8) is required. This discriminator behaves
differently from a heterodyne AM demodulator. During this project we have investigated
the feasibility of reference transport for wideband angle-modulated links. '

9.2 Reference Transport in Analog Links
In Sections 9.2.1 and 9.2.2, we describe why conventional reference transport

techniques cannot be applied to analog angle-modulated links. In Section 9.2.3, we

consider how reference transport techniques can be applied to these links.
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9.2.1 Reference Transport in Links Using Direct FM

A link using direct FM is shown in Fig. 8-2(b), and the link analysis is given in
Appendix C.1.1. The signal entering the discriminator, omitting white noise terms, is

proportional to cos[wt + a)ij(t' Ydt' + Av(r)). This can be written in the form

cos(wt + j (wa(r' )+-£7Av(t' ))dt') (9.2)

The results of Appendix A.2.3 indicate that the derivative of the laser phase noise
process is white noise. As a result, laser phase noise in links using direct FM is
equivalent to white noise in the original applied RF signal; this noise is clearly not
removable using electronic processing at the receiver.

The above statement is validated by the following brief discussion of the residual
carrier approach of Fig. 9-2. Fig. 9-3 shows the frequency spectrum of an FM signal
corrupted by phase noise.

FAN

t

Fig. 9-3. Frequency spectrum of an FM signal corrupted by phase noise.

The dashed lines show the frequency response of an idealized reference filter.
After the filtered carrier component is mixed with the corrupted FM signal, an FM signal
is recovered which is corrupted only by the tails of the phase noise which lay outside the
reference filter bandwidth. After detection, the power spectrum of the detected signal is
then corrupted by Sg(@)Sypr(@)S, (@), where So(w) and S,(@) are the power spectra
of the phase noise and the discriminator, respectively. S,.-(®) is ideally equal to 0 from
DC to a frequency equal to half the width of the reference filter and 1 for all other
frequencies. Since the derivative of the laser phase noise process is white noise, the
detected signal is corrupted by white noise with a "hole" at DC. It is impossible for this
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hole to extend to the signal frequency band unless the reference filter is of width greater
than twice the maximum signal frequency; the detected signal will then be severely
distorted, since the reference filter will then pass frequency components other than the

carrier.
9.2.2 Reference Transport in Links Using External PM or FM

Externally modulated coherent links using PM and FM are shown in Figs. 8-1 and
8-2(a), respectively. The FM photocurrent for these links is of an identical form to Eq.
(9.2), and hence the residual carrier method of section 9.2.1 will not work. The PM
photocurrent is of the form cos(wr+ @,x(f)+Av(t)). Though this looks slightly
different from Eq. (9.2), the laser phase noise in links using external PM is equivalent to
noise in the original applied RF signal with power spectral density given in Eq. (A.18) of
Appendix A.2.3. As a result, the arguments of section 9.2.1 again apply.

It is certainly possible to cancel phase noise in externally modulated links by using
a two-fiber approach such as that in Fig. 9-1. The problem with this method 1s that since
there is no LO laser, the detected photocurrent is at baseband. This is acceptable for
digital systems using phase-shift-keying (PSK) [4]. Analog links using FM or PM,
however, use discriminators which must operate at an IF frequency much larger than the
maximum signal frequency. Any reference transport approach which will succeed for
analog angle-modulated links, therefore, must generate an angle-modulated signal at an IF

before demodulation without using an LO laser.
9.2.3 Our Novel Approach: Interferometric Links

The name "interferometric links" refers to the novel class of reference transport
links which (a) cancel phase noise by splitting power from the transmitter laser and
transporting this reference with the optical signal to the receiver, in a single fiber or in
separate fibers; and (b) generate an angle-modulated signal at an IF before demodulation
without using an LO laser. There are two types of interferometric links. A heterodyne
interferometric link is shown in Fig. 9-4. In this link, references separated from the
transmitter laser frequency by the desired IF are generated using optical single-sideband
frequency shifting or sideband generation. The received photocurrent is then at the
desired IF, and demodulation can take place immediately after IF amplification.
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Fig. 9-4. Heterodyne interferometric link using optical single-sideband
frequency shifter.

A homodyne interferometric link is shown in Fig. 9-5. In this link, the received
photocurrent is at baseband, which means that the desired IF signal must be generated
electrically (using mixers). An idealized homodyne interferometric link is analogous to an
idealized heterodyne interferometric link in that both require single-sideband frequency
shifters, one at microwave frequencies and the other at optical frequencies.

Transmitter .
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sxgnaly WAt Eiber © SSB frequency
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Amplifier  Demodulator + Output
>
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\f IF
Photodiode
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Unmodulated
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Fig. 9-5. Homodyne interferometric link using microwave single-sideband
frequency shifter.

9.3 Optical Frequency Shifting in Heterodyne Interferometric
Links

The ideal optical frequency shifter for use in a heterodyne interferometric link is

lossless and transfers the input optical power fully to an optical frequency separated

from the original frequency by the desired IF without generation of spurious components.
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In Section 9.3.1, we briefly describe the state-of-the-art in true single-sideband (SSB)
optical frequency shifters. In Section 9.3.2, we present a novel electro-optic sideband
generator which can generate the desired reference with relatively low loss for desired IFs
well above 10 GHz.

9.3.1 Single-Sideband Optical Frequency Shifters

SSB optical frequency shifting for interferometric links can be performed using
acousto-optic or magneto-optic modulation of the reference. In both cases, acoustic or
magnetic waves are propagated in a material which will generate the desired phase grating,
which has maxima spaced by a distance corresponding to the desired IF frequency. After
passing through the material, the input reference field is split into several diffraction
orders, each separated from the input reference by some multiple of the IF. The nice
feature of these approaches is that true single-sideband frequency shifting by the IF
occurs for the first diffraction order. The problems, however, are numerous. There is
tremendous loss of more than 20 dB due to the low conversion efficiency of the first
diffracted order of the grating. It is very difficult to integrate such an optical frequency
shifter into a rugged, compact form, and there will be significant additional loss due to
coupling of the first diffracted order into a fiber. Though magneto-optic shifters have
been demonstrated which operate at above 10 GHz [5], acousto-optic shifters are limited

to IFs of a few GHz by acoustic attenuation and transducer fabrication limitations [6].

o) @)
‘PI(I) =f.__‘ xl Yy

L

(a) (b)

Fig. 9-6. Two implementations of an electro-optic quasi-SSB frequency shifter.
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9.3.2 A Novel Approach: Sideband Generation Using External Modulation

We present a novel electro-optic modulation technique which can be used in the
reference leg to generate a phase-modulated signal which has significant components at the
desired IF above and below the laser optical frequency. This method can generate an
angle-modulated signal at an IF at the receiver with a small penalty relative to ideal SSB
frequency shifting and is well-suited to monolithic integration with other electro-optic
devices. We refer to it as quasi-SSB frequency shifting. The signal modulator could be
any sort of external modulator, but it is only sensible to use external PM or FM.

Fig. 9-6 shows two functionally identical implementations of the quasi-SSB
frequency shifter. In Fig. 9-6(a), the modulator legs are phase modulated by quadrature
CW RF signals at the desired shifting frequency. The DC optical phase bias between the
legs must be p/2, which is the same bias required in a typical MZ amplitude modulator.
In Fig. 9-6(b), the frequency shifter is implemented using a MZ amplitude modulator
followed by a phase modulator (the order of the two sections is irrelevant). For

(t) = Peos( @t +2 and 0, (1) = Bsin(@t —--(P-"-, the output field phasor for a bias
? IF 2 2 2

phase of p/2 is easily shown to be

EW,(r)=E,.,,(t)J,(ﬁ)exp(iw,Ft)+Eﬂ\/-(it—)[Jo(ﬂ)+J2(ﬁ)cos(2w,Ft)+ .. ] (9.3)

where E, (1) is the input optical field phasor. The first term is the desired SSB

frequency-shifted optical field, while the other terms are the unshifted carrier and higher-
order terms. If @, is much larger than the modulating signal bandwidth (which must be
the case in any angle-modulated analog system), the undesired cross terms between the
signal and the output of the frequency shifter can be filtered out in the post-detection
electronics. The implementation in Fig. 9-6(b), which is used in the experiment in Section

9.7, is equivalent to that in Fig. 9-6(a) for (px(t)=-;—(qo,(t)-(p2(t)) and

o, ()= %—((pl )+ (pz(t)).

145




9.4 Heterodyne Interferometric Links

In this section, we present heterodyne interferometric links using phase
modulation (HIPM) and frequency modulation (HIFM). We give their performance
measures, including SNR, SFDR, RF power transfer ratio, and noise figure. We then
briefly discuss implementation details for this type of link.

9.4.1 Link Description

The heterodyne interferometric link is shown in Fig. 9-7. The transmitter consists
of a CW laser and a novel three-leg modulator. The modulator is an integrated version of
the electro-optic sideband generator of Section 9.3.2, with one leg driven by the signal and
the other two legs driven by quadrature CW RF signals at a frequency wyr and optically
phase shifted by p/2 from each other. After traversing a fiber-optic link, the signal is
detected at the receiver. The optical signals of the second and third legs of the modulator
mix with the signal at the detector and result in a series of single-sideband signals at
multiples of wyr. Following IF amplification and filtering, the signal is limited. It is then
put through a delay-line filter, an envelope detector, and an integrator; these three
components function in tandem as a phase demodulator. We refer to the entire system as
an HIPM link. An HIFM link has only one difference, which is that the integrator
precedes the signal leg of the phase modulator rather than following the envelope detector.

Receiver
Transmitter (===esssssssssscsesecscsssancen .
IF ]
Amplifier _ . :Output
Limiter j—E“VCIC’PC— | p—»
Detector .
AN T .
Photodiode )

R N N T T N A A )

Fig. 9-7. Phase-modulated implementation of HIPM link with
novel electro-optic modulator.
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9.4.2 Signal-to-Noise Ratio (SNR)

The derivation of the HIPM and HIFM link SNRs are given in Appendix C.2.1.
The expressions are

2 2
NRypy = 07 (4RP;, (ﬁ)) (; :)z : 2

(nfholbp> + <n3wrmalbp> + (T) (1 + '3'-’0 (ﬂ)) <nI2?INbp>
9.4)

2 2/.2

SRy = (2| 4RELE)) P
(’.lszhol bp) + <'.11:;|¢rmalbp> + (T) (1 + 3 Jo (ﬁ)) <'.lfi'lep>

(9.5)

where ¢, is the HIPM modulation index, % is the HIFM modulation index (traditional

FM modulation index scaled by 27), R is the photodiode responsivity, P is the laser
optical power assuming that link and modulator excess loss are compensated by
amplification in the link, B is the signal bandwidth, <x2(1)> is the power of the applied
signal (assumed equal to 1), and B is the amplitude of the applied IF sinusoids. The

noise terms in the denominators are defined in Appendix A.2.
9.4.3 Spurious-free Dynamic Range (SFDR)

The SFDR of both links can be expressed by

2/3
8SNR,

2077 9.6
) 60

SFDR = [

where SNR, is defined as the terms in square brackets in Egs. (9.4) and (9.5) and |b3| , the

third-order nonlinearity coefficient, is l(ﬂ“—’) for the HIPM link and l( B ) for
6\ 2/ 6\ 4f

the HIFM link.
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9.4.4 RF Power Transfer Ratio and Noise Figure

The derivation of RF power transfer ratio and noise figure for the HIPM and
HIFM links is given in Appendix C.2.2. The expressions are

-

2 2
1 16 n
Gm(mpm =G, ctrm) = (Zf—:r) '87R2P2"12 (ﬁ)(m] RfL,,, .7

where R, and C_ are parameters of the integrating lowpass filter, R; is the receiver
impedance, and L, is the nonlinear loss of the limiter and the envelope detector.

The noise figures of the HIPM and HIFM links are given by

noise power at link output 9.8)
G i /kKTB ‘ '

F(uu) =1+

where kTB represents the thermal noise power at the link input. The noise powers at the

link output are given in Appendix C.2.2.
9.5 Homodyne Interferometric Angle Modulated Links

In this section, we present homodyne interferometric links using phase
modulation (HPM) and frequency modulation (HFM). We give their performance
measures, including SNR, SFDR, RF power transfer ratio, and noise figure. We then

briefly discuss implementation details for this type of link.

9.5.1 Link Description

The homodyne interferometric link is shown in Fig. 9-8. The objective of the
homodyne interferometric link, as described in Section 9.2.3, is to generate a photdcurrent
at a desired intermediate frequency before the IF amplifier by using microwave
components to perform the necessary frequency shifting. This objective is achieved as
follows. The output of a CW laser is modulated using a Mach Zehnder modulator with
two outputs. A two-output modulator is usually constructed with a built-in 3-dB
coupler directly preceding the outputs. The dc bias phase between the two legs, jj, is
arbitrary. The two outputs of the Mach Zehnder modulator are put through another 3-
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dB coupler and a 90 optical hybrid before detection at the receiver. At the receiver, the
two detected currents are mixed up to an IF by quadrature signals, added, and put through
an identical receiver to that of the heterodyne interferometric link. We refer to the entire
system as an HPM link. An HFM link has only one difference, which is that the
integrator precedes the signal leg of the phase modulator rather than following the
envelope detector.

Signal
laser

P, (1) 3 dB couplers
/ \ A

90°
N optical
{\\\ hybrid |

Receiver
L} IF ‘:
+ Amplifier : Output
s D s Envelope| | || o
X Limiter Detector J -
~ T :

Cm M ™ WM WM WM W R MW E™ WM™ EMAWEEW®EmWEm®®®®™"=

Fig. 9-8. Homodyne interferometric phase modulated link.

9.5.2 Signal-to-Noise Ratio (SNR)

The derivation of the HPM and HFM link SNRs are given in Appendix C.3.1.

The expressions are
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where @, is the HPM modulation index, %"— is the HFM modulation index (traditional

FM modulation index scaled by 2x), R is the photodiode responsivity, P is the laser
optical power assuming that link and modulator excess loss are compensated by
amplification in the link, B is the signal bandwidth, and (xz(t)> is the power of the

applied signal (assumed equal to 1). The noise terms in the denominators are defined in
Appendix A.2 and Appendix C.3.1.

9.5.3 Spurious-free Dynamic Range (SFDR)

The SFDR of both links can be expressed by

8SNR |
J (9.11)

SFDR = l:—gl—l;;—l—

where SNR_ is defined as the terms in square brackets in Egs. (9.9) and (9.10) and |b3| ,

2 2
the third-order nonlinearity coefficient, is é( gmj for the HPM link and %( B ]

IF IF

for the HFM link.
9.5.4 RF Power Transfer Ratio and Noise Figure

The derivation of RF power transfer ratio and noise figure for the HPM and HFM
links is given in Appendix C.3.2. The expressions are
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opt (HPM) = Uopt (HFM) (4f"_] 16 S(V,,RC] s Lont (9.12)
where R and C are parameters of the integrating lowpass filter, R; is the receiver
impedance, and L, is the nonlinear loss of the limiter and the envelope detector.

The noise figures of the HPM and HFM links are given by

noise power at link output
G( link )kTB

Finty =1+ (9.13)

where kTB represents the thermal noise power at the link input. The noise powers at the
link output are given in Appendix C.3.2:

9.6 Comparison of Interferometric Angle Modulated Links

In this section, we compare the performance of the interferometric angle
modulated links as measured by SFDR (Section 9.6.1), RF power transfer ratio, and noise
figure (Section 9.6.2). We discuss implementation considerations for interferometric angle
modulated links in Section 9.6.3.

9.6.1 SFDR Comparison

Fig. 9-9 compares the SFDRs of the heterodyne interferometric links, the
homodyne interferometric links, and a direct detection link for a laser RIN of -155 dB/Hz.
The value of linewidth has no bearing on this plot due to the reference transport in the
interferometric links. Since the reference of the interferometric links is split from the
transmitter laser instead of from a separate local oscillator laser, the SFDR of
interferometric links is also limited by thermal noise at optical powers below 1 mW. The
improved discriminator linearity due to the high intermediate frequency compensates for
the intrinsic losses of the interferometric modulator structures (three-leg modulator for
heterodyne, optical hybrid for homodyne). The potential SFDR advantages for
heterodyne and homodyne interferometric links at low powers are about 6 dB and 2 dB,
respectively. As the received signal optical power® increases above 1 mW, the

* For the interferometric and DD links, the received optical power is normalized to take into account the
intrinsic loss due to the biasing or other intrinsic losses of the external modulators. This is for the
purposes of a fair comparison to the coherent angle modulated links.
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Fig. 9-9. SFDRs of HIFM, HIPM, HFM, HPM, and DD links plotted versus received
signal optical power for laser RIN of -155 dB/Hz and a laser linewidth of 100 kHz.
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Fig. 9-10. SFDRs of HIFM, HIPM, HFM, HPM, coherent FM, and coherent PM links

plotted versus received signal optical power for a laser RIN of -155 dB/Hz
and a laser linewidth of 100 kHz.

152




heterodyne interferometric links begin to outperform the DD and homodyne
interferometric links. This is because the heterodyne links are impacted by bandpass
RIN, which is suppressed at frequencies far above the laser relaxation resonance
frequency. The homodyne links are impacted by baseband RIN and gain little relative to
the DD link. Another trend in Fig. 9-9 is that the advantage of the FM links over the PM
links tends to decrease at optical powers above 1 mW. For powers below 1 mW, the FM
links outperform the PM links because the higher frequencies of the 1 GHz to 2 GHz
signal are suppressed by the integrator in the FM transmitter. Since the delay-line
discriminator is more linear for lower signal frequencies, the SFDR of the FM links is
higher than that of the PM links. For powers above 1 mW, the impact of the laser RIN
affects the FM links more than the PM links because the signal frequencies are not at
baseband, causing a noise augmentation effect (relative to PM) during demodulation. The
HIFM link shows an 11 dB SFDR advantage over the DD link at a 10 mW optical power.
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Fig. 9-11. SFDRs of HIFM, HIPM, HFM, HPM, and DD links plotted versus received
signal optical power for a laser RIN of -130 dB/Hz and a laser linewidth of 100 kHz.

Fig. 9-10 shows the SFDRs of the interferometric links and the coherent angle
modulated links plotted versus received signal optical power for a laser RIN of -155
dB/Hz and a laser linewidth of 100 kHz. For this value of linewidth, the SFDRs of the
coherent links are essentially constant over the entire range of optical powers, since the
laser linewidth is the dominant source of noise. The coherent FM link exhibits an 11 dB
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SFDR advantage over the HIFM link at 100 pW optical power. The interferometric links
begin to outperform the coherent links at optical powers in the 1 to 2 mW range, with the
HIFM link showing a 10 dB SFDR advantage over the coherent FM link at 10 mW
optical power. '

Fig. 9-11 shows the significantly larger SFDR improvements made possible by the
heterodyne interferometric links for a laser RIN of -130 dB/Hz. In this case, the HIPM
link outperforms the HIFM link for optical powers larger than about 2 mW, for the same
reason cited in the description of Fig. 9-9. At an optical power of 10 mW, the HIPM link
exhibits a 23 dB SFDR advantage over the DD link.

60

50 ........... ............
SFDR, dB, 40 : j o S o S o
in1 GHz : e , , : :
Bandwidth : P : : : IF =15 GHz

300 oW A SURTR e, Av=100kHz . . |

RIN = -130 dB/Hz

20 ’ ; . Thin solid lines: HIFM (upper), HIPM (lower)
"""""" T T Hin' serrated lines: ' HFM (upper), HPM (lower)
: Thin dotted lines: Coherent FM (upper),
: Coherent PM (lower)

20 15 10 50 5 10 15 20
Received signal optical power, dBm

Fig. 9-12. SFDRs of HIFM, HIPM, HFM, HPM, coherent FM, and coherent PM links
plotted versus received signal optical power for a laser RIN of -130 dB/Hz
and a laser linewidth of 100 kHz.

Fig. 9-12 shows the improved performance of the coherent angle modulated links
relative to the interferometric links for a laser RIN of -130 dB/Hz. The improvement is
due to the use of balanced receivers in conjunction with limiters in the coherent angle
modulated links, which render them essentially immune to laser RIN. In this case, only
the HIPM link outperforms the coherent FM link, and then only for optical powers
greater than 2 mW.
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9.6.2 RF Power Transfer Ratio and Noise Figure Comparison

Fig. 9-13 shows the RF power transfer ratios (PTRs) of the interferometric links

the coherent angle modulated links, and the DD link plotted versus received signal optical
power for the parameters listed in Table 9-1.

Table 9-1. Parameter values used in numerical computation of
RF power transfer ratios and noise figures.

Parameter Assumed Value Parameter Assumed Value
LO power P, 10 mW Mod. voltage V, 15V
RIN -155 dB/Hz HIPM index S 1
Relaxation osc. freq. 2 GHz RC time constant 1.21E-9s
Laser linewidth Av 10 kHz or 1 Source imped. R 50 Q
MHz
Signal bandwidth B 1 GHz Conversion loss & 6 dB
Min. sig. freq. £, 1 GHz Nonlinear loss L, 6 dB
Max. sig. freq. f.., 2 GHz Int. freq. f; 10 GHz
Laser FMresp. ¥ | . 1 GHzZmA Responsivity r 0.8
-20
QO]
I RS B s
RF power :
transfer ggl .. _ g@®me==="" " g
ratio, dB -80
SLO0 e T
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Fig. 9-13. RF power transfer ratios of HIFM, HIPM, HFM, HPM, coherent FM,
coherent PM, and DD links plotted versus received signal optical power for
the parameters listed in Table 9-1.
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Fig. 9-13 shows that the interferometric links, in addition to having the same
integrator and discriminator losses as the externally modulated coherent angle modulated
links, also lose power due to the losses in the conversion process needed to obtain
receiver signals at the desired intermediate frequencies. These losses come from imperfect
optical frequency shifting and intrinsic modulator losses in the heterodyne links and from
optical hybrid and mixer losses in the homodyne links. As a result, extra amplification is

required in the interferometric links to compensate for these losses.
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Fig. 9-14. Noise figures of HIFM, HIPM, HFM, and HPM links plotted versus
received signal optical power for the parameters listed in Table 9-1.

Fig. 9-14 shows the noise figures of the interferometric links and the DD link
plotted versus received signal optical power for the parameters listed in Table 9-1. The
noise figures of the coherent angle modulated links are not included in this plot because
those noise figures are obviously linewidth dependent. These noise figures are for the
basic links without amplification, which is why the values are so high. With adequate low
noise amplification, the noise figures can be greatly reduced. Fig. 9-14 indicates that more
noise is generated in the FM links than in the PM links. This is because the signal
frequencies are far from baseband, leading to noise augmentation during FM demodulation

instead of noise suppression.
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9.6.3 Implementation Considerations

In this section, we briefly consider some implementation details of heterodyne and
homodyne interferometric links. For simplicity, details will be listed and addressed in
order.

Maximum available external modulation depth and RF loss: This is addressed in
Appendix C.1.3.

Choice of IF frequency: As stated in Chapter 8, it is possible using commercially
available components to build modulators and receivers which operate for frequencies in
the 10 GHz to 20 GHz range. The benefits of a high IF are more linear discriminator
operation and greater RIN suppression. The disadvantages of a high IF are larger
discriminator loss, higher thermal noise, and greater receiver cost and complexity.

Bias phase: There can be an arbitrary bias phase between the signal arm and the reference

~ arms in the modulators for either the heterodyne or homodyne links. This bias phase is

slowly varying relative to the signal and will not impact discriminator operation.

Modulator splitting coefficients in the heterodyne links: 1t is important that the spurious
IF terms be eliminated through the appropriate choice of B, amplitude of the applied IF
sinusoids. It is possible to determine a S for which the signal loss is insignificant
provided that the loss in the two arms of the modulator corresponding to the IF sinusoids
are nearly equal. This condition holds in regular Mach-Zehnder amplitude modulators
and should not be difficult to achieve in a three-legged integrated device. Note that the
splitting loss in the signal arm need not be the same as the loss in the two IF arms.

Quadrature of IF sinusoids in the heterodyne links: If the RF sinusoids are off of
quadrature by an angle 6, the ratio of signal to distortion due to this goes as cot’ 6. Fora
6 of 1 degree, this gives a signal to distortion ratio of 35 dB. Given that the wavelength
of a 10 GHz signal is 3 cm, it is easily possible using delay lines in integrated form to
achieve a @ of far less than one degree, if necessary. Including these delay lines in the

modulator will not significantly increase its complexity or its size.

Construction of an optical hybrid in the homodyne links: An optical hybrid is difficult to
build due to the precise optical phase shift required over a wide range of optical
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frequencies. This requirement can be met over signal bands of several GHz using special
polarization-dependent phase-shifting techniques. However, these techniques require
bulk optics which must be continuously aligned as the optical frequency of the laser
changes. The loss, size, and inconvenience of such hybrids has made the construction of

all homodyne optical systems very difficult [7].

Mixers as frequency shifters in the homodvne links: The nonlinear loss of mixers arises
from the imperfect sideband generation of these microwave devices. The spurious
nonlinearities of mixers are difficult to predict and to model, but they will have a
potentially significant impact on the homodyne links, particularly for the frequency
shifting of wide bands of frequencies.
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Fig. 9-15. Block diagram of experimental HIPM link.
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9.7 HIPM Link: Experiment

This section presents preliminary results from the proof-of-concept experimental
HIPM link which we have constructed in our laboratory [8]. Fig. 9-15 shows a simplified
block diagram of the experimental link. The optical source consists of a CW Nd:YAG
laser followed by an optical attenuator. The three-leg HIPM modulator is implemented
using combination amplitude/phase modulators with 1 GHz 3 dB bandwidths which were
available in our laboratory. The two sections of modulator 1 are drivén with sinusoidal IF
signals (at 650 MHz, in this implementation) in quadrature; modulator 2 is driven by the
signal to be transmitted. The AM section of modulator 1 was biased where MZ
modulators are typically biased, at Vp/2 below the maximum transmission point. After
detection, the electrical signal is amplified, bandpass filtered, and sent through a phase
discriminator. The discriminator consists of an RF power splitter, two delay lines of
different length, a mixer, and an integrator (single pole lowpass filter). The length
difference between the two delay lines was set to one quarter of the IF RF wavelength.

For an applied signal made up of sinusoids with frequencies fin and fmax, We
measured the two-tone third-order IMP levels at frequencies 2fmin = fmax aNG 2fpayx - fmin at
the link output using an RF spectrum analyzer. The theoretical ratios of the IMP power
levels, <i,2M,,), to the signal power levels, (i2>, for the AM direct detection link and the

HIPM link are given by

(i7) 64

} =(2nfm,) [N 9.15)
HIPM Afir 64

where @, is the modulation depth. These equations come directly from the results in

Section 8.2.3. The AM direct detection link IMP measurements were made by removing
modulator 1, modulating the AM port of modulator 2, and measuring the IMP levels after
detection.

Fig. 9-16 compares the measured ratios of third-order IMP levels to signal levels
vs. modulation depth of modulator 2 in radians of the HIPM and AM direct detection
links. The two applied tones have frequencies fmin = 95 MHz and finax = 105 MHz.
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Our HIPM link demonstrated IMP levels that are consistently lower than those of an
externally modulated AM direct detection link for the same modulation depths. The
corresponding SFDR improvement in dB equals one-third of the IMP suppression in dB

(see Egs. (8.6)-(8.8)).
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Fig. 9-16. Intermodulation product level vs. modulation depth for HIPM (o) and
IMDD (x) links; fimin = 95 MHz and fiqx = 105 MHz.

We investigated nonideal receiver component characteristics, such as amplifier,
mixer, and discriminator nonlinearities, by altering the values of the RF attenuators in the
receiver (Al - A4), shown in Fig. 9-15. Fig. 9-17 shows the ratio of the HIPM link IMP
levels to the AM direct detection link IMP levels vs. of modulation depth for two
receiver configurations. For this case, fyin = 47.5 MHz and fj4x = 52.5 MHz.
Configuration 1 corresponds to A1 = 6 dB, A2 = 3 dB, A3 = 6 dB, and A4 = 6 dB.
Configuration 2 corresponds to A1 =10 dB, A2 =0dB, A3 =6 dB, and A4 =6 dB. The
HIPM link demonstrates as much as 23 dB IMP suppression, which corresponds to 7.7
dB SFDR improvement. However, the HIPM link third-order nonlinear coefficient
(27f, /4f,)" gives a theoretical two-tone third-order IMP suppression of 44 dB.
Clearly, the link performance is limited by nonideal receiver component characteristics,
and not by the intrinsic link nonlinearity predicted using Eq. (9.15). Fig. 9-17 shows that
the IMP levels at various modulation depths can be varied over a large range by changing
the position and value of RF attenuators in the receiver. This effect cannot be explained
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by considering ideal receiver component characteristics, but can be caused by a number of
nonideal factors including mixer nonlinearities, nonideal discriminator and filter

characteristics, and amplifier nonlinearities.
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Fig. 9-17. Intermodulation distortion suppression of the HIPM link over an IMDD link

for receiver configuration 1 (Al =6 dB, A2 =3 dB, A3 =6 dB, A4 =6 dB) and receiver

configuration 2 (Al = 10 dB, A2 = 0dB, A3 = 6 dB, A4 = 6 dB). fiuin =47.5 MHz and
fmax = 52.5 MHz.

‘Even though our receiver could be significantly improved through the use of better
components, the best third-order IMP suppression that we demonstrated is comparable
to that in optimized implementations of linearized IMDD links [9]. This result suggests
that the HIPM link may be a promising alternative to conventional linearized AM direct
detection links for achieving high SFDR.
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Chapter Ten

Optically Amplified Interferometric Links

In this chapter, we consider the use of optical amplifiers to increase the available
optical power in interferometric links using semiconductor lasers and to compensate for
link losses in real systems. In Section 10.1, we describe the interferometric link which we
will model in this chapter. In Section 10.2, we present its SFDR. In Section 10.3, we

provide results and discussion for antenna remoting applications.
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Fig. 10-1(a). Generic optically amplified direct detection link.
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Fig. 10-1(b). Generic optically amplified heterodyne interferometric link.
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10.1 Link Description

Block diagrams of a conventional direct detection (DD) link and a generic
heterodyne interferometric link are shown in Figs. 10-1(a) and 10-1(b), respectively. In
the DD case, the signal voltage is applied to a standard Mach-Zehnder (MZ) modulator,
which modulates the optical field output of the CW laser. The modulator output is
optically amplified, received, and amplified at baseband. Note that in this chapter, we
will be primarily interested in the operation of these links at laser powers greater than -10
dBm" since, as described in Chapter 9, interferometric links offer the potential for SFDR
improvement over DD and coherent links at high powers. Since the spontaneous-
spontaneous beat noise due to optical amplification is not significant for high powers, the
insertion of an optical filter will not have a noticeable impact on interferometric or DD
link performance. In the heterodyne interferometric link, the transmitter optical power is
split between a reference path and a signal path. The optical frequency of the reference is
shifted by an amount fir using a single sideband (SSB) frequency shifter. The optical

signals are coupled into a single fiber and are optically amplified.

10.2 SFDR

In this section, we derive the SNRs at the outputs of the heterodyne
interferometric and DD links, and from there the corresponding SFDRs. Section 10.2.1
gives SFDR expressions for a generic heterodyne interferometric link. Section 10.2.2
gives the specific SFDR expressions for the specific implementation of the heterodyne

interferometric link described in Section 9.4.1.
10.2.1 SFDR of a Generic Optically Amplified Interferometric Link

The received photocurrent after the photodiode in a generic optically amplified

heterodyne interferometric (OAHI) link is given by

gy () = Rl\/Pop,GL (1+ gy 0) (Vg Loy €xpi{ 0,1 + 0, {x(D}+ 0, () + 9, ] +
JL L., expz[(a) +ag )+, (r)]) + VL (ny (1) + nmo(t))

+n,(t)+n,(1)

(10.1)

* Note that we refer to laser power instead of received optical power. Link losses and modulator losses are
taken into account in all numerical results presented in this chapter.
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where R is the photodiode responsivity, P, is the output optical power of the laser, G
is the power gain of the optical amplifier, L is the total link loss, ngsn(?) is the laser
relative intensity noise (RIN) process, Ly, is the ratio between the power entering the
signal modulator and the laser power assuming ideal splitting (0.5 for even splitting), Lyse
is the excess loss of the signal modulator, w,, is the angular optical frequency, jsigfx(t)} is
the phase term due to the applied signal voltage x(2) (corresponding to either PM or FM),
Jp() is the laser phase noise process, jp is an arbitrary and slowly varying phase between
the signal and reference legs, L, is the ratio between the power entering the frequency
shifter and the laser power assuming ideal splitting, L, is the excess loss of the
frequency shifter, wr is the desired angular intermediate frequency, n,,; (1) and ng,;(1)
are due to the amplified spontaneous emission (ASE) of the optical amplifier in the signal
polarization and orthogonal to the signal polarization, respectively, ns(t) is due to the
shot noise, and n(?) is due to the receiver thermal notse.

Note that the phase noise process is eliminated through mixing at the photodiode,
assuming that the lengths of the modulator legs are matched to within a fraction of the
laser coherence length. This is easy to achieve in a monolithic modulator structure but
may be difficult in a separate fiber configuration. After amplification, the signal 1s
detected using either phase or frequency discrimination.

After mathematical manipulation, the output currents for the DD link (which is
simply the current after the photodiode) and for the heterodyne interferometric link can
be derived. The DD output current is derived exactly as in Chapter 2 with slight
modifications due to the presence of an optical amplifier. Note that we neglect high-order
noise terms and signal-cross-noise terms except for those due to the optical amplifier
since analog links have high SNRs and small modulation depths. The result is (with

parameters repeated from Eq. (10.1) having the same meanings)

P 3
ippau (1) = R~ GLL, |:mx(t) - '%,ﬁ(z) + nR,N,,,,(z)] +RL\[2P_ GL_ o, (D +
(10.2)

R O + R34, (O] + 115, 0)

m is the amplitude modulation depth and np() refers to the sum of shot and
thermal noise. The subscript bb indicates baseband noise, which refers to noise which is
added to the signal band after the signal has been converted to baseband. The subscript

bp indicates bandpass noise, which refers to noise which is added to the signal band when
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it is located on a high-frequency carrier. The second term is a signal-spontaneous noise
cross term, and the third and fourth terms are spontaneous-spontaneous Cross terms in
the two orthogonal polarizations.

The OAHI PM and FM output currents are derived similarly to the coherent PM
and FM output currents in Appendix C.1.1. The results are '

[ 3 ?
. 1 .
lOAHl PM oul(t) E K{ZRPoprGL LsigLnigLreforef [¢Ax(t) - ¢6A (4]‘. ) j‘xs(t)dt + np bp(t) +
IF

RP GLLy Lty )+ RU(\ZPp G (\ELoms + ATy Pty O+ 1y O]
(10.3)

i L.
OAHI FM ouwt sig ™~ xsig“ref “xref
6 \4f

RPoprGLLsingsighRIN bp (t) + RL('\lzPaplG( Lsing:ig + Lreforef )nOAS bp (t) + ﬁxp-sp bp (t))}
(10.4)

[ 3 2
()= T{2RP, GL\L L L L [wa(t)—“’A (L) 3(z)}wz,,,,,,(m

where K and T are scaling factors dependent on the amount of RF amplification and T has

dimensions of seconds.
epapop () = [0 sy O] [0, O] (10.5)

The third-order nonlinearity terms arise due to the imperfect linearity of the
delay-line phase discriminator. Second-order nonlinearity terms, which are not shown
above, can be ignored assuming that the signal bandwidth is restricted to a single octave.
The additional terms in Eqs. (10.3) and (10.4) which do not fall into the form presented in
Appendices C.1.1 and C.2.1 are the three final terms, which are the signal-spontaneous
(s-sp), reference-spontaneous (r-sp), and spontaneous-spontaneous (sp-sp) beat noise
contributions to the output currents. Sinusoidal components which reduce the s-sp and r-
sp powers in the link output SNR expressions by a factor of 2 have been replaced by a

scaling factor of L for simplicity. Note that the s-sp and r-sp noises do not add

V2

coherently, only on a power basis. The arbitrary slowly-varying bias phase has no
impact on discriminator operation.
For these three links, the corresponding signal-to-noise ratios are given by
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(RP,,GLL,,) (x*®))

SNRy, = m’ ————— ; :
(4(nf,,,,,)+ (RP,, GLL., ) (nawss) + RRLY(r2 )+ 8CRLY Py L (P w))
(10.6)
2
2RP, GLY L L.L, L, (X

SNRowsii = ¢Z 2 ( = ) : 2 gz . f<x 03) > (10.7)

(("D bp> + (RP opt OLLyig Liig ) (nRIN bp> +(RL) <n.\‘p-.\'p bp> +

2(RL)2 PnprG(LsigLnig <néA§ bp> + Lrefonf <n(2)A5 bp )))
2 2
SNRousi e = (%“—)2 — (28F,,GLE) L‘igzL”fgzL'efo"f<x (?). 7 (10.8)
((nD bp> + (RPopIGLL:igLnig ) (nRIN bp) + (RL) (";p—:p bp) +

2(RL)2 PaplG(Lsingsig <n(2)A: bp> + Lrthxnf ('.1(2).45 bp )))

where B is the bandwidth of the baseband signal x(¢) . The various noise expressions in
Egs. (10.6) - (10.8), not including the optical amplifier noise terms, are evaluated in
Appendix A.2. The optical amplifier noise expressions are presented in Appendix A.3.
Egs. (10.6) - (10.8) indicate that the SNR increases monotonically with modulation
index. The maximum useful modulation index is limited by intermodulation distortion
associated with nonlinear effects. From here, the SFDR is easily derived as in Section
8.2.3. The SFDRs of the HIPM, HIFM, and DD links are given by

2/3
SFDR{M} (109)
3(by|
where
SNR = r2SNR0 (10.10)

Eq. (10.10) is in the same form as Eqgs. (10.2) - (10.4), where r is the modulation
index (m for IMDD link, @, for the HIPM link, and QB—A— for the HIFM link) and SNR, is

the signal-to-noise ratio for unity modulation index. b; is the third-order nonlinearity

167




2
coefficient for each link and is given by —% for the IMDD link, -%(_2”7%] for the
IF

2
: 1 :
HIPM link, and -——( B ) for the HIFM link. For an IF frequency much larger than

6 4f;
the maximum signal frequency or the signal bandwidth, the third-order nonlinearity of
each of the interferometric links is significantly suppressed, which enables the use of a
larger modulation index.

10.2.2 SFDRs of the Optically Amplified HIPM and HIFM Links

The SFDRs of the HIPM and HIFM links have been given in Section 10.2.1, with

the exception of the loss parameter values in Eqs. (10.7) and (10.8). For the
implementation of Fig. 9-7, the loss parameters are given by L =%, L, _4

9 b
L, =107 and L, =10"°J,(B). The 107 terms assume a 6 dB modulator excess
loss, and the J,(f) term refers to an additional loss due to the unshifted and higher-order

terms in Eq. (9.3). It is important to choose S not only to maximize L_.,, but also to

reduce the spurious carrier term at the IF generated at the photodiode through the mixing
of the different terms in Eq. (9.3). The amplitude of this term is proportional to

JO(B)JI(B)-J2(ﬂ)‘]3(ﬁ)+‘14(ﬁ)15(ﬁ)— s (10.11)

Both of these requirements are satisfied for values of 8 near 2.2, which is very close to
the B of 1.84 which maximizes L

xref *

10.3 Results and Discussion

In this section, we evaluate the SFDRs of the optically amplified HIPM, HIFM,
and DD links for antenna remoting applications. Among the important parameters
considered are signal power, saturation and noise in optical amplification, laser RIN, link
and modulator excess loss, signal bandwidth, and receiver intermediate frequency (IF).

The parameters which are common to all of the subsequent plots are included in
Table 10-1. These have been chosen to be realistic for presently or soon-to-be available
commercial devices. The RIN parameters are chosen to be typical of high-quality laser
diodes without requiring special modulation characteristics or expense. A linewidth value
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has not been specified since all three links to be considered in this section are linewidth-

insensitive.

Table 10-1. Parameter values assumed in the plots in this section.

Parameter Assumed Value Parameter Assumed Value
Max. output power 100 mW Modulator excess 6 dB
of opt. amp. loss
Gain of opt. amp. 15 dB Int. freq. 15 GHz
ngp, of opt. amp. 1 Responsivity 0.8
Laser wavelength 1.3 um IF filter bandwidth 10 GHz
RIN -155 dB/Hz RIN roll-off freg. 2 GHz
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Fig. 10-2. SFDRs of the HIFM, HIPM, and DD links plotted versus transmitter
optical power for antenna remoting and the parameters in Table 10-1.

Fig. 10-2 compares the SFDR of the three links vs. transmitter laser power (in the
fiber) for the antenna remoting application and a 12 dB link loss. The HIFM and HIPM
links exhibit 6 dB and 3 dB advantages, respectively, over the DD link at low laser
powers. This advantage comes primarily from the improved linearity of the
interferometric links, as is evidenced by the values of the third-order nonlinearity
parameter bz in Section 10.2.1. The SFDR advantage of the HIFM and HIPM links
increases to 10 dB and 7 dB for laser powers above 10 mW. This increase is due to the
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partial immunity to RIN of the interferometric links, which results from limiting prior to
discrimination combined with operation at a high IF. The advantage increases for higher
RIN but does not increase in the above plot for laser powers above 10 mW, because
signal-spontaneous (plus reference-spontaneous in the interferometric links) beat noise
becomes the dominant noise affecting all three links. The slope discontinuity in the
interferometric link graphs at about 10 mW is due to the 100 mW maximum output power
of the optical amplifier. Though saturation only causes the SFDR to level off for
interferometric links, its existence in DD links can generate significant additional
nonlinearities, which can cause the DD SFDR to be penalized relative to that shown in
the plot for laser powers greater than about 10 mW. The SFDR difference of about 3 dB
between the HIFM and HIPM links results from a combination of effects. The
displacement from baseband of the signal band eliminates the SFDR advantage which one
would expect in FM links due to noise suppression. However, the integrator before the
modulator in the HIFM link serves to predistort the signal by weighting the lower
frequencies more heavily. This means that the sinusoidal discriminator characteristic (of
maximum slope at fjr and of zero slope at 0 and 2f;r) appears more linear to the HIFM
signal than to the HIPM signal. The SFDR of the HIFM link is above 50 dB, a desirable
goal for antenna remoting systems, for laser powers above about 2 mW and a 12 dB link
loss. This figure is not attained by the DD link for any laser power.

: ; . HIFM ,
55 : — e s

SFDR, dB, 0
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0 S N

35 fmin=1GHz . o S SR
fmax =2 GHz : : : :
Laser power = 10 mW :
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Fig. 10-3. SFDRs of the HIFM, HIPM, and DD links plotted versus
link loss for antenna remoting and the parameters in Table 10-1.
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Fig. 10-3 compares the SFDRs of the three links vs. fiber link loss for the antenna
remoting application and a 10 mW laser power. Link loss can be due to splitting loss in a
distribution system or to fiber attenuation and connector losses. This plot is nearly
equivalent to Fig. 10-2 with high link losses corresponding to low laser powers and vice
versa. This correspondence will only hold, however, for optical amplifier placement at
the transmitter so that link loss will simultaneously suppress both the laser power and
the amplified spontaneous emission. For a 10 mW laser power, the HIFM link meets the
50 dB SFDR criterion for link losses below 22 dB, while the DD link does not reach 50
dB SFDR for any value of link loss. As a result, it is again clear that optically amplified
interferometric links show the potential to outperform optically amplified direct detection
links in antenna remoting systems with realistic link and modulator losses taken into

account.
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Chapter Eleven

Discriminator Linearization

In this chapter, we briefly discuss a simple method for discriminator linearization
which can improve link SFDR. In Section 11.1, we describe the linearization method. In

Section 11.2, we discuss the results.
11.1 Discriminator Linearization

The SFDR of angle modulated analog links is limited by the nonlinearities of the
discriminator filter. Through the addition of extra discriminator arms, the discriminator
transfer function can be linearized and the SFDR can thus be improved. Assume that the
transfer function of the filter discriminator can be expanded as a polynomial in the

vicinity of the intermediate frequency (IF):

HD(a))=Aian(a)—w,F)" (11.1)

n=0

2
where 4 is a constant. We found in Section 8.2.3 that a; =0 and a, = —é(%’-) for
IF

the two-leg delay-line discriminator, which we refer to as a 2nd-order delay-line filter
(DLF).

In an N-th order DLF, the input signal is split into N arms. The signal in the nth
arm is delayed (n-1)t, multiplied by a complex weight, w,, and recombined with the other
arms. Such filters can be constructed using microstrip delay lines and phase shifters, and

have a transfer function which can be expressed as

H,(w)= Agwn exp[—iwnt) (11.2)

n=0

where A is some complex constant. The second-order DLF has w; =w; = 1 and a transfer

characteristic given by
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H,(®) = Acos(wt/2) (11.3)

T O 'w
21D
37

W3
Fig. 11-1. Generic four-leg delay-line filter

A fourth-order DLF, shown in Fig. 11-1, has wo =w3 = 1/27 and w; = w, = 1.
Such a filter has a transfer function given by

H,(w)= A[cos(wr/Z) - %_—/—cos(3an’/ 2)] (11.4)

For these weights, we find that a3 = a3 = 0, and hence fifth-order nonlinear terms are
dominant with an a5 which is a complicated expression with a large number of terms
(generated using the method of Appendix C.1.1). For this filter, intermodulation products
of interest are generated at 2f, * f,, 2f, £ f;, 3/, £2f,,and 3f, £2f,. For closely spaced
modulating frequencies, all of the difference-frequency products will fall within the signal
band and will thus impact link SFDR.

2f

IF IF

Fig. 11-2. Idealized discrimimator transfer characteristic.
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11.2 Results and Discussion

We begin this section with a comparison of the discriminator transfer functions
using the linearization method of Section 11.1, which simply chooses weights which
cancel out the third-order nonlinearity, and a truncation of the conventional Fourier series
of the idealized transfer function. The Fourier series truncation, instead of using wo = w3
= .1/27 to cancel out the third-order nonlinearity of the second-order DLF, uses w; = w,
= b, and wg = w3 = by, where b and b, are the first two coefficients of the Fourier cosine
expansion of the idealized discriminator transfer characteristic shown in Fig. 11-2.(in this

. . . . 16 .
case, there are no sine terms in the expansion). b; and b, are given by -—zsmz(-g-) and
(4

—1-6—sin2(§£) respectivel
ot Ty ) TESPEETVER.
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linear 0.2
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Fig. 11-3. Normalized deviations from the idealized transfer characteristic of
Fig. 11-2 for the 2nd-order DLF, the 4th-order DLF, and the 4th-order FS filters.

Fig. 11-3 shows a comparison of the transfer characteristics produced by our
linearization method and by the Fourier expansion method. The normalized deviations
from linearity are the differences between the linear characteristic of Fig. 11-2 and the
characteristics of the individual filters, normalized by the values of the linear

characteristic. It is clear that for an intermediate frequency much larger than the signal
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frequencies and for simple DLFs with only four legs, the method presented in Section
11.1 performs better than the Fourier expansion method. This result is important, since
due to the difficulty of implementing the long delays required for DLFs with many legs, it
is important to keep the linearized DLF as simple as possible.
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Fig. 11-4. SFDRs of linearized and unlinearized HIPM link plotted versus
transmitter optical power for antenna remoting parameters in Table 10-1.

Fig. 11-4 compares the SFDRs of a linearized HIPM link using a four-leg delay-
line filter with that of an unlinearized HIPM link vs. laser power for a link loss of 12 dB.
The advantage for a -10 dBm laser power is 3 dB and increases steadily until the
saturation point at 10 mW, at which the advantage remains constant at 8 dB. This is
because as the SNR for an interferometric link increases with power, the optimum
modulation index which equates the noise and nonlinearity powers decreases. Hence, at
high laser powers the relative increase in optimum modulation index for a given decrease
in nonlinearity power will be larger, leading to a larger improvement in SFDR. These
SFDR advantages due to linearization are comparable to those attained in our laboratory
for externally modulated IMDD links.

The linearity improvements for any of the other angle modulated links are similar,
since the discriminator structures are identical for all angle modulated links which we have

considered.
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Chapter Twelve

Subcarrier Multiplexing in Angle Modulated Links

In this chapter, we consider the use of subcarrier multipiexing (SCM) as a means
of transmitting many narrowband channels using a single transceiver. In Section 12.1, we
derive the SFDR of an analog link using SCM. In Section 12.2, we present SFDR
requirements for applications including conventional analog video (both AM and FM) and
digital video. These requirements are presented alongside requirements for antenna
remoting for purposes of comparison. In Section 12.3, we discuss results for both
coherent and interferometric SCM links. Section 12.4 contains references.

12.1 SFDR in a Subcarrier Multiplexed (SCM) Link

In a subcarrier multiplexed (SCM) link, the total signal bandwidth B is broken into
N channels, each with a bandwidth of B/N. To compute IMD power, we generalize the

test signal of Eq. (8.5):

x(t)=—\/%icos(wnt+(pn) (12.1)

where w,, falls within the band of the n-th channel. We assume that the phases in the
various channels, j,, are uncorrelated so that the input signal power is normalized to
<x2 (t)) =(0.5. The maximum number of third-order intermodulation products falling

within the n-th channel band is [1]

M=-;—(N—n+l)+%[(N—3)2—5] (12.2)

M achieves its maximum value for n = N/2 and its minimum value forn =1. For N
> 10, the minimum value of M is > 0.6 times its maximum value, and M is thus relatively

msensitive to n.
The maximum total IMD power within a channel band is given by
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. 9 M
(I:IL3> = -1—6—'1—v782b32r6 (123)

Solving for the maximum modulation depth as in Eq. (8.7) and using Eq. (8.4), we
find that the SFDR for channel n is given by

3\1/3 charnel n 3
SFDR = §_1_V_ .S_N&____ (12.4)
oM ) " Pl

where SNR™™!* is the SNR, corresponding to channel n. For large N and taking n = N2,
we find that M =3N° /8 and

SFDR = iN‘”[ (12.5)

SNRchannel n 23
3 ]

b

If the total received optical power is fixed and the noise spectrum of the output
current is independent of the channel frequency band, then the SFDR of an N channel
system is given by

1 channel a3
SFDRsf—N"’”(‘—g-AE‘l———) (12.6)
3 by

where SNR! ™! is the SNR, of a system transmitting a single channel only with the full
received optical power. For the coherent PM and FM links, the noise spectrum is not
white. Also, in the PM link the intermodulation distortion power is not uniformly
distributed over the signal band, and the worst-case SFDR occurs at the midband channel
frequency (the location of the most third-order intermodulation products). For the FM
link, the worst-case SFDR occurs at the highest channel frequency for the desired
application if linewidth causes negligible performance degradation. The worst-case SFDR
occurs at the midband channel frequency if linewidth is the dominant source of
performance degradation. For DD and coherent AM links, the worst-case SFDR usually
occurs at the midband channel frequency. If the dominant noise is RIN and if the power
spectral density of the RIN is rolling off in the SCM signal band (see Appendix A.2.4),
then the worst-case SFDR may occur at the lowest channel frequency.
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12.2 SCM Link Requirements

Table 12-1 shows the SFDR and channel bandwidth requirements for conventional
AM and FM analog video (CATV), for digital video, and for antenna remoting. The
SFDR requirements for AM CATV and antenna remoting are comparable, as are the
requirements for FM CATV and SCM digital video. In this chapter, we compare the
performance of angle-modulated links to that of DD and coherent AM links for these four
applications. In all cases, the number of channels has been chosen to make the total signal

bandwidth requirement (shown in Table 12-1) approximately equal for all applications.

Table 12-1. Parameters for different types of video and antenna remoting,.

Antenna

SCM digital remotin

AMCATV _ FM CATV

SFDR 50 dB 17 dB 17 dB 55 dB
Channel 4 MHz 30 MHz 10 MHz 1 GHz
Bandwidth

| # of channels | 100 25 80 ]
Total Signal | 600 MHz 1 GHz 1 GHz 1 GHz
Bandwidth

12.3 Results and Discussion

In this section, we present SFDR results for SCM angle-modulated links and
compare them to SCM DD and coherent AM links. Section 12.3.1 considers coherent
angle-modulated links and Section 12.3.2 considers interferometric angle modulated links.

A reasonable guardband between SCM channels is taken into account in the
computation of total signal bandwidth for each application in Table 12-1. The signal
frequency range for each application is chosen for single-octave operation. We assume a
sufficiently large number of channels (N > 20) in each SCM system for the multichannel
SFDR expression given in Eq. (12.2) to be accurate. In all cases, the channel with the
worst-case SFDR is used to define whether system performance is acceptable for a given
application. The worst case for the FM link in this section combines the intermodulation
product count of the midband channel frequency and the noise of the highest channel
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frequency. This assumption provides a lower bound on SFDR of within 1 dB for the
applications of interest.

Table 12-2. Laser linewidth requirements for coherent PM and FM links.

Received ir aser Linewidth
ogtical power PM FM
AM CATV 1 mW 1 kHz 3 kHz
FM CATV 1 uW 150 MHz 350 MHz
SCM digital 1 uWw 80 MHz 200 MHz
Antenna remoting || 1 mW 2 kHz 4 kHz

Table 12-3. Laser RIN requirements for DD and coherent AM links.

Received Required Laser RIN
optical power DD _ AM
AM CATV 50 mW -175 dB/Hz max. only 45 dB
100 mW -167 dB/Hz max. only 46 dB
FM CATV 20 uyW max. only 16 dB -140 dB/Hz
50 uW -115 dB/Hz -115 dB/Hz
SCM digital 20 uyW max. only 14 dB -130 dB/Hz
50 uW -120 dB/Hz -120 dB/Hz
Antenna remoting [ 50 mW -170 dB/Hz max. only 51 dB
100 mW -165 dB/Hz max. only 51 dB

12.3.1 SCM Coherent Angle Modulated Links

Tables 12-2 and 12-3 show laser linewidth and RIN requirements for coherent
angle-modulated, coherent AM, and DD links for the four applications shown in Table
12-1. This data was obtained assuming a receiver intermediate frequency of 10 GHz and
a local oscillator laser power of 10 mW.
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For AM CATYV systems, an SFDR of 50 dB is required in a bandwidth of 4 MHz
[2]. Atareceived optical power (P) of 1 mW, this requires a linewidth of < 1 kHz in the

PM system and a linewidth of < 3 kHz in the FM system. Even at a F; of 10 mW, such
a dynamic range is unachievable in the DD and AM systems without modulator
linearization.

In antenna remoting systems, a dynamic range of 55 dB in a 1 GHz bandwidth, or
115 dB-Hz23, is representative of system requirements. In the absence of linearization

techniques, this requires a linewidth of < 2 kHz for a PM system or a linewidth of < 4
kHz in an FM system for a P, of 1 mW. At this power level, this dynamic range

requirement is unattainable in either the DD or the AM system. If F; is increased to 50

mW, then the DD system can reach the required dynamic range for a RIN level of < -170
dB/Hz. Even for a P, of 100 mW, the AM system is unable to meet the requirements

without modulator linearization.
In an SCM digital system, an SFDR of 17 dB in a 10 MHz bandwidth is required
[2]. Ata P, of 1 uW, this requires a linewidth of < 80 MHz in the PM system and a

linewidth of < 200 MHz in the FM system. It can also be achieved in a DD system at a
P, of 50 uW. The coherent AM system can attain the required SFDR at a F; of 20 uW.
For these small optical powers, high values of RIN are necessary for RIN to dominate

thermal noise .

In all four links considered, FM subcarriers can be utilized. Such systems require
an SFDR of 17 dB to achieve acceptable video transmission for an FM subcarrier
bandwidth of 30 MHz [3]. This can be achieved in a PM or an FM system at a F; of 1
UW with linewidths of < 150 MHz and < 350 MHz, respectively. In the AM and DD
systems, the smallest P; for which the SFDR requirement can be achieved are 0.5 pW and
25 uW, respectively. The power requirements for FM CATV are lower than those for
SCM digital because fewer channels can be transmitted in a 1 GHz signal band, leading to

less intermodulation distortion.
12.3.2 SCM Interferometric Angle Modulated Links

Tables 12-4 and 12-5 show laser linewidth and RIN requirements for
interferometric angle-modulated links for the four applications shown in Table 12-1. This
data was obtained assuming a receiver intermediate frequency of 15 GHz.

For AM CATV and antenna remoting systems, the HIFM and HFM links can
meet the SFDR requirements for a laser RIN of -160 dB/Hz and a received optical power
of 5 mW in both cases. The HIPM and HPM links show higher resistance to laser RIN at
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very high powers but require a 10 mW received optical power to meet the SFDR
requirements in both cases. The performance of the interferometric links compares
favorably to that of the DD and coherent AM links in the previous section due to the
partial immunity of interferometric links to laser RIN (see Chapter 9).

Table 12-4. Laser RIN requirements for heterodyne interferometric links.

Received Required Laser RIN
optical power HIPM HIFM
AM CATV 5 mW -130 dB/Hz -145 dB/Hz
10 mW -120 dB/Hz -140 dB/Hz
FM CATV 15 uW max. only 16 dB not even -100
dB/Hz
50 uW not even -100 not even -100
dB/Hz dB/Hz
SCM digital 20 uW max. only 16 dB not even -100
dB/Hz
50 uW not even -100 not even -100
dB/Hz dB/Hz
Antenna remoting || 5 mW max. only 54 dB -145 dB/Hz
10 mW -125 dB/Hz -140 dB/Hz

In SCM digital and FM video systems, the HIFM and HFM links can potentially
achieve the desired SFDR performance for 15 pW received optical power. Though the
HIPM link is the most resistant to laser RIN at high powers, it shows no advantage at
these low powers. Nevertheless, at 50 uW received optical power, all four
interferometric links can perform acceptably with essentially no RIN restriction. This
result is similar to that for the DD and coherent AM links, though the RIN requirements

are less stringent for the interferometric links.
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Table 12-5. Laser RIN requirements for homodyne interferometric links.

Received Required Laser RIN

_optical power _HPM HFM
AM CATV 5mW -170 dB/Hz -160 dB/Hz

10 mW -155 dB/Hz -155 dB/Hz
FM CATV 15 uW max. only 16 dB -115 dB/Hz

50 uW -110 dB/Hz -110 dB/Hz
SCM digital 20 uW max. only 16 dB -115 dB/Hz

50 uW -115 dB/Hz -115 dB/Hz
Aﬁtenna remoting || 5 mW max only 53 dB -160 dB/Hz

10 mW -160 dB/Hz -155 dB/=Hz
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Chapter Thirteen

Angle Modulated Links: Conclusions

In this chapter, we summarize our work on angle modulated links during this
project and recommend future work which builds directly on the work described in
Chapters 8 through 12. Section 13.1 contains the summary and Section 13.2 contains the
recommendations for future work.

13.1 Summary

Due to the large potential transmission bandwidth of optical fiber, optical
transmission systems are well-suited to handle the expanded bandwidth of wideband
angle modulated signals. Our investigation of angle modulated links during this project
has been motivated by a desire to see the same signal-to-noise ratio (SNR) improvements
in fiber systems that are exploited in commercial FM radio and video.

In Chapter 8, we presented the spurious-free dynamic ranges (SFDRs), RF power
transfer ratios, and noise figures of coherent phase modulated (PM) and frequency
modulated (FM) links using either direct modulation of the grating section current of a
laser diode or external phase modulation. We found that coherent angle modulated
systems are intrinsically sensitive to phase noise because their signal information is
contained in the optical phase. For a combined transmitter laser and local oscillator laser
linewidth of 20 MHz, phase noise is the dominant noise in PM and FM links for received
optical power levels above -30 dBm, and limits the SFDR to 30 dB and 31 dB in a 1 GHz
bandwidth for PM and FM links, respectively. For a combined linewidth of 10 kHz,
phase noise dominates the noise characteristics for received optical power levels above -5
dBm, and limits the SFDR to 51 dB and 53 dB in a 1 GHz bandwidth for PM and FM
links, respectively. Angle modulated links can exhibit substantial RIN insensitivity
through the use of a limiter in the receiver and by operating at an IF well above the RIN
roll-off frequency. The linearity of angle modulated links tends to improve for high IFs
due to the improved linearity of the phase or frequency discriminator in the receiver.

We found that externally angle modulated coherent links are inherently more lossy
than externally amplitude modulated links, due to the large losses of the integrator and
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discriminator filters in these links. Extra amplification is required before these filters for
these links to attain their SFDR potential. The directly frequency modulated coherent
link, on the other hand, is less lossy than externally amplitude modulated links due to its
high conversion efficiency of input RF power to optical frequency deviation. The
difficulty with directly frequency modulated links is that it is difficult to guarantee a
linear frequency versus current characteristic over many GHz in conjunction with a
sufficiently low linewidth.

In Chapter 9, we considered reference transport as a means of transmitter phase
noise cancellation (PNC) in angle modulated analog links. We found that reference
transport in links using direct frequency modulation is not a useful means of PNC because
laser phase noise in links using direct FM is equivalent to white noise in the original
applied RF signal. We found that reference transport in externally angle modulated links
requires frequency shifting of the reference to facilitate demodulation of the PM or FM
signal. As a result, we analyzed a novel class of linewidth-insensitive analog links:
interferometric angle modulated links. Linewidth insensitivity is attained through the
transport of a reference derived from the transmitter laser in the same fiber as the optical
field carrying the desired signal. The IF frequency shift required for demodulation of FM
and PM signals is generated using a novel electro-optic quasi-single sideband (SSB)
frequency shifter in heterodyne interferometric links and using mixers at the receiver in
homodyne interferometric links.

We presented the SFDRs, RF power transfer ratios, and noise figures of
heterodyne and homodyne interferometric PM and FM links. Since interferometric links
are more linear than externally amplitude modulated links for high intermediate
frequencies, the phase modulated interferometric links (HIPM and HPM) show about a 2
dB SFDR advantage over amplitude modulated links at low received optical powers. The
frequency modulated interferometric links (HIFM and HFM) show a corresponding 5 dB
SFDR advantage. As laser relative intensity noise (RIN) becomes dominant for received
‘optical powers above 1 mW, the potential SFDR advantage of the interferometric links
increases. At a received optical power of 10 mW, the HIFM link shows an 11 dB SFDR
advantage over a direct detection link for a laser RIN of -155 dB/Hz. For a laser RIN of
-130 dB/Hz, the HIPM link shows a 24 dB SFDR advantage over the direct detection
link. Heterodyne interferometric links are partially insensitive to laser RIN because the
signal information is in the optical phase. However, they are not completely insensitive
to laser RIN due to the RIN of the optical reference. Homodyne interferometric links are
less insensitive to laser RIN because baseband RIN is converted up to the intermediate

frequency of the receiver.
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Interferometric links are also significantly more lossy than externally amplitude
modulated links. They share the lossy integrator and discriminator filters of the coherent
angle modulated links and have additional optical losses due to the optical reference
transport. As a result, significant amplification is again required for interferometric links
to reach their SFDR potential.

We briefly describe a proof-of-concept experimental demonstration of an HIPM

link to verify the potential of interferometric links. A 23 dB suppression of third-order
nonlinearities (7.7 dB SFDR improvement) over that of a conventional direct detection
link is obtained using an HIPM link with an intermediate frequency of 650 MHz and
signal frequencies of 47.5 and 52.5 MHz. Data is presented which shows the significant
impact of receiver nonidealities, indicating that the SFDR improvement can be nearly
twice as large in a carefully optimized system.

In Chapter 10, we consider the use of optical amplifiers to increase the available
optical power in interferometric links. We derive the SFDR expressions for optically
amplified interferometric PM and FM links and show that for realistic antenna remoting
system parameters (including modulator and link losses), the HIPM and HIFM links have
the potential to improve link SFDRs by 6 dB and 9 dB, respectively, over an optically
amplified direct detection link.

In Chapter 11, we consider a simple method for discriminator linearization to
improve angle modulated link SFDR. Assuming the realistic antenna remoting system
parameters of Chapter 10, a linearized HIPM link can potentially gain 7 dB of SFDR over
an unlinearized HIPM link at a received optical power of 10 mW.

In Chapter 12, we consider the use of subcarrier multiplexing (SCM) as a means of
transmitting many narrowband channels using a single transceiver. The derived results are
used to find signal power, laser linewidth, and laser RIN requirements for analog video
systems, SCM digital systems, and antenna remoting systems. For AM video and
antenna remoting applications, low-linewidth sources such as Nd:YAG lasers are needed
for PM and FM coherent systems. For these same applications, the amplitude
modulated links need extremely high received optical powers and low RIN due to the high
required CNRs. Even if optical amplifiers (OAs) are used in the amplitude modulated
links, noise associated with the spontaneous emission of OAs and the received power
limitations on the photodiode may prevent the fulfillment of the SFDR requirements in
that link. For FM video and SCM digital applications, presently available semiconductor
laser diodes can easily fulfill the requirements on the laser transmitter in the direct
detection and the coherent systems. Interferometric links behave similarly to the direct
detection and coherent AM links, with less stringent RIN requirements.
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The fundamental conclusion which we draw from our work on angie modulated
links is that coherent angle modulated links are promising for low received powers (< 1
mW) and low laser linewidths, while interferometric angle modulated links are promising
for high received powers (> 1 mW). As a result, coherent angle modulated links are
potentially useful in distribution and other high-loss links using solid-state Nd:YAG or
low-linewidth (< 100 kHz) semiconductor lasers. Interferometric links do not have
linewidth requirements but do require high-power semiconductor lasers and optical
amplification. All externally angle modulated links are lossy in the RF domain and require

more RF amplification than in externally amplitude modulated links.

13.2 Recommendations for Future Work

The future work discussed in this section pertains to externally angle modulated
links. Future work pertaining to directly frequency modulated links is discussed in
Chapter 15.

Because of the SFDR limitation due to laser linewidth and our interest in using
semiconductor lasers in experimental work for this project, we chose to build a
heterodyne interferometric link instead of an externally angle modulated (PM or FM)
coherent link. In this section, we will therefore discuss possible improvements to the
heterodyne interferometric link. This discussion is also relevant to externally angle

modulated coherent links®.
13.2.1 Transmitter Design Considerations

Many of the important issues in transmitter design for heterodyne interferometric
links are discussed in Section 9.6.3. The main conclusions are that amplification of the
RF input signal must be done, particularly after integration in FM links, to attain the
maximum possible phase deviation from the phase modulator, and that an integrated
modulator must be built to minimize optical loss, to equalize modulator splitting
coefficients, and to guarantee that the applied IF sinusoids are in quadrature.

The remaining issue is the design of the integrated modulator. Conventional high-
speed modulators use LiNbO; to provide the optical phase shift and traveling-wave
electrodes. Narrowband resonant RF design for the IF electrodes in the modulator will

* To build a coherent angle modulated link, we would use the optics section of the AM-WIRNA system
with the Mach-Zehnder amplitude modulator replaced by a phase modulator. The receiver construction
would be identical to that for the heterodyne interferometric link.
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reduce drive power requirements. LiNbO3 modulators are adequate for the signal and IF
frequency parameters used in Chapter 9 (1 GHz to 2 GHz signal, 15 GHz IF). For future
systems, nonlinear polymers may soon exhibit higher modulation speeds, lower drive
voltages, and cheaper packaging costs than LiNbO3.

13.2.2 Receiver Design Considerations

Theoretical predictions of HIPM link performance indicate that performance over
AM direct detection links can be improved substantially. These performance predictions
assume that the receiver components are "well behaved," i. e. receiver noise performance
is dominated by front-end thermal noise, and link nonlinearities are dominated by the
idealized shape of a delay line filter. However, in the proof-of-concept HIPM experiment
we performed, receiver performance was dominated by nonideal receiver component
characteristics. These nonidealities included amplifier and mixer nonlinearities, non-flat
frequency responses of the various components, RF reflections between the various
components causing ripples in the passband frequency characteristics, and excess noise
associated with the amplifiers and mixers.

Research and development is required to build and demonstrate a high-
performance receiver for angle modulated links. With such a receiver, the high dynamic
ranges predicted by theory can be approached in a demonstration link.

One of the more fundamental decisions in receiver (and link) design is the choice of

intermediate frequency (IF). Theoretical predictions indicate that the highest possible IF

is desirable to achieve the most linear frequency discriminator response, and to allow the
most suppression of RIN. However, there are practical limitations to IF choice based on
electronic component and photodetector performance and availability at very high IFs.
For IFs much above 40 GHz, component availability decreases substantially. In the
development of a high-performance angle modulation receiver, such pragmatic issues are
of great importance.

Other than the discriminator filter, all other components in the angle modulation
receiver must exhibit very flat bandpass characteristics across the entire IF bandwidth.
Amplifiers meeting this requirement must be identified; it is anticipated that it should be
possible to find commercial amplifiers which meet the system requirements. These
amplifiers must also exhibit sufficiently low nonlinearities and noise so that they do not
degrade receiver performance. The issues of flat frequency response and low noise and
nonlinearities also hold for the mixer used in the receiver. As is the case with amplifiers,
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there is a tremendous variety of commercial mixers, and it should be possible to meet the
system requirements with a standard part. '

In connecting the various components in the receiver, reflections can arise. These
reflections cause ripple across the frequency response of the chain of components in the
receiver. In an angle modulated link, such frequency ripple can give rise to
intermodulation distortion through phase-to-amplitude conversion. Proper receiver
design requires the liberal use of RF attenuators and isolators to suppress these
reflections.

A high-performance limiter is also required in the receiver. The limiter suppresses
amplitude variation associated with RIN and any spurious optical amplitude modulation.
Additionally, the limiter can be used to suppress some of the spurious amplitude
modulation associated with non-flat frequency response of various receiver components.
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Chapter Fourteen

Summary and Comparison of Link Design

14.1 Comparison Between Amplitude and Angle Modulated Links

In this report, the main links which we have compared are the heterddyne
coherent AM (WIRNA) link, the coherent angle modulated (FM or PM) link, the
heterodyne interferometric (HIFM or HIPM) link, and the conventional direct detection
(DD) link. Chapters 8 and 9 contain a full theoretical comparison of these links, while
Chapters 4 through 6 contain an experimental comparison of the coherent AM link to the
conventional DD link. In this section, we will reiterate our main conclusions.

Due to the high power local oscillator laser in coherent receivers, coherent links
exhibit substantial immunity to thermal noise. For low received optical powers (< 100
UW to 1 mW), coherent AM links can outperform DD links. For high LO powers of
approximately 10 mW and higher, the crossover point occurs at between 1 and 5 mW.
Therefore, coherent AM links are most applicable for applications with low received
power, such as broadcast and distribution systems.

Coherent angle modulated links are sensitive to laser phase noise. However, for
laser linewidth values below 100 kHz (exhibited by solid-state Nd:YAG lasers and multi-
quantum-well semiconductor lasers), these links can potentially outperform coherent AM
and DD links for a received optical power of 1 mW. The farther the laser linewidth dips
below 100 kHz, the greater the improvement in SFDR. Fig. 8-4 shows that for an
Nd:YAG transmitter and local oscillator, coherent angle modulated links can outperform a
DD link for received optical powers up to 10 mW for antenna remoting parameters.
Assuming the use of semiconductor lasers, coherent angle modulated links remain most
applicable for applications with low received power, such as broadcast and distribution
systems.

Interferometric angle modulated links are insensitive to laser phase noise. They
also do not have an LO laser, which means that they perform best at high received powers
(like the DD link). Fig. 9-9 shows that interferometric links can potentially outperform
DD links over the full range of received optical powers from 10 uW to 100 mW. Fig. 9-
10 shows that, assuming a laser linewidth of 100 kHz, these links can potentially
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outperform coherent angle modulated links only above 1 mW. Therefore, interferometric
links remain most applicable for applications with high received power, such as cellular

antenna to base station connection.

14.2 Potential Link Applications

In this section, we consider the suitability of coherent, interferometric, and direct
detection links for two promising applications for optical analog links. Section 14.2.1
compares the suitability of coherent and direct detection links in broadcast and
distribution networks. Section 14.2.2 compares the suitability of optically amplified
interferometric and direct detection links in cellular base station to antenna connections, in

which high power is required for the downlink.
14.2.1 Broadcast and Distribution Networks

One of the conclusions which we obtained from our theoretical and experimental
work is that for low optical powers, coherent links give a higher dynamic range than the
direct detection link, while for high optical powers, the direct detection link performs
better. In this section, we discuss the implications of this conclusion for broadcast and
distribution networks.

Many applications of optical communication require that information not only be
transmitted but also distributed to a group of destinations. Distribution networks using
only passive devices are attractive due to their lower cost and simple maintenance. An
example of such application is the distribution of master oscillator signals to the elements
of an optically controlled active phase array radar. Transmission distances are usually

relatively short but the distribution capacity of the system is critical.
Three common topologies for distribution networks are the star, hub and bus.

The star topology shown in Fig. 14-1 is frequently used and is considered here. In this
topology, all destinations are connected through point-to-point links to a star coupler.
The transmitter optical power P; is divided equally among N destinations. For a passive
star composed of directional couplers, the received optical power per subscriber can be

written as:

(14.1)
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where d accounts for the excess loss and P; is the input power from the transmitter laser.

Receiver
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SUBSCRIBERS

1xN
9
COUPLER :

Receiver

]

Fig. 14-1. A passive star topology.
14.2.1.1 Experimental Comparison of Coherent AM and DD Links

Using 3 dB couplers and the experimental set-up shown in Fig. 14-2, we measured
the SFDR as a function of the number of destinations for both coherent AM and direct
detection links. Since each coupler divides the optical power into two destinations, k
cascaded couplers simulate the output for 2k destinations. The star topology distribution
system for 2, 4, 8 and 16 destinations were constructed with 3 dB couplers as shown in
Figs. 14-3(a), (b), (c), and (d), respectively. We were limited to 16 destinations by the
number of 3 dB couplers we had. Index-matching gel was used for the coupler FC/PC

connectors to minimize the reflections.

Amplitde 38 dB Gain 20dB
Polarization Modulater attenuator
1.25dB NF
C et . mw e == \ Square
DFBl o0 F Coupler Power —{ 1= H Law LPF
1.4 GHz Laser & Splitter 24 dB Gain Detector
) Polanzavon 4 dB NF

.: Comroller
(Y -~

<
(0]
jo

HP 8347 A o
154B NF, Power Splitter

\

\

L)

) \

~16-20 dB Gain Combiner | - !
Comtrol '

{ Input AFCloo} !

..........................

VCO HP834TA

1.5GHz 15dB NF,
~16-20dB Gain

Fig. 14-2. Measurement set-up for the distribution system
proof-of-concept experiment.
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Table 14-1. System Parameters

DFB laser; T =22.5°C
1=80.02 mA
P = 54.7 mW

LO laser: Wavelength = 1544.95 nm

I=134.5mA
Tl = 24.334°C
Te = 30°C

Pro=204.1 mW
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Fig. 14-3. Distribution system we used consisting of 3 dB couplers for:
(a) 2 destinations, (b) 4 destinations, and (c) 8 destinations.
Losses in each coupler are indicated. (Continued on the next page).
The shaded elements were omitted since they were not needed for the measurement.
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Fig. 14-3(d). Distribution system we used consisting of 3 dB couplers
for 16 destinations. Losses in each coupler are indicated.
The shaded elements were omitted since they were not needed for the measurement.

Fig. 14-4 shows the experimental measurements we obtained for the SFDR as a
function of the number of destinations for the coherent AM and direct detection links.
The system parameters are listed in Table 14-1.

Inspection of Fig. 14-4 shows that the coherent link performs better than the
direct detection link except for systems with a small number (= 2) of destinations.
Therefore, coherent AM links have the potential to be applied to distribution systems
like phased array radar or broadcast of multiple video channels.
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14.2.1.2 Comparison of Coherent Angle Modulated and DD Links

Fig. 14-5 shows a simple example of the significant gains that are potentially
available through the use of coherent angle modulated links in distribution systems. Fora
laser power (neglecting modulator excess losses) of 1 mW, a linewidth of 100 kHz, and an
LO power of 10 mW, the SFDR improvement is over 25 dB for a 20 dB link loss and
over 35 dB for a 30 dB link loss. These gains are much larger than those of the coherent
AM link over the DD link. As a result, coherent angle modulated links, though more
complex than DD links, exhibit potential, especially for low-linewidth lasers, to
significantly outperform DD and coherent AM links.

14.2.2 Cellular Base Station to Antenna Connections

Fig. 14-6 shows a potential configuration for the fiber connections between base
station and antenna locations in antenna remoting and cellular systems. The optical
power output of a CW semiconductor laser is split, with one path being routed to the
interferometric link modulator and the other being routed directly to the antenna location.
This eliminates the need for a separate laser at each antenna. The outbound RF signal
from the base station is applied to the interferometric link modulator, and the output
optical field is then amplified and sent to the antenna location for transmission to mobile
users. Inbound RF signals from mobile users are applied to a modulator at the antenna
location, and the output optical field is sent to the base station for processing and routing
to the desired destination address. The SFDR requirements for the downlink (base
station to antenna) are 40 - 50 dB for mobile users in indoor or uncongested outdoor
environments but increase to greater than 70 dB for users in environments where there are
occlusions or where jamming may be present [1]. For the uplink (antenna to base
station), 40 - 50 dB SFDR is adequate since the signal has already passed through the
noisy atmospheric link. These requirements are highly demanding, particularly for the L
(1 - 2.6 GHz) microwave band to be used by futuristic beamforming antennas and SCM
cellular systems.

One possible approach for the downlink is to use linearized laser diodes or high-
power Nd:YAG lasers with linearized external modulator and direct detection. As the
density of users in each service area (or microcell) and the bandwidth requirements of
desired services increase, the linearization and packaging of optical components to satisfy
the extremely high SFDR requirements will become increasingly difficult and expensive.
Also, the power budget of the downlink will be limited by the unavoidable effects of
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clipping due to output power saturation during optical amplification. These problems
will be less severe for components needed to satisfy the lower SFDR requirements of the
uplink. As a result, the uplink modulator in Fig. 8 could represent a linearized external
modulator. The limited power (on the order of -10 dBm) available at the base station
receiver for 10 dB link loss also makes the uplink well-suited for coherent angle-

modulated links [2].
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Fig. 14-6. Potential configuration for antenna remoting and cellular systems.

PM and FM heterodyne interferometric links (referred to as simply
interferometric links for the remainder of this section) are interesting alternatives for
future downlinks, in particular, and uplinks. The unlinearized PM and FM
interferometric links offer the potential, as shown in Chapter 9, to significantly
outperform unlinearized externally modulated DD links. The SFDR improvement
attainable through simple filter linearization at the receiver is shown to be comparable to
the improvement through external modulator linearization. The constant envelope of
angle-modulated signals makes it possible to take advantage of the full available output
power of the optical amplifier. The linewidth insensitivity of interferometric links
enables the use of analog angle modulation without the simultaneous requirement of

extremely low laser linewidth, which is a major difficulty in other angle-modulated analog
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links [2]; as a result, semiconductor lasers are feasible alternatives for solid-state lasers in
interferometric links. The construction of wideband receivers is already possible in the 25
GHz IF range, and future components will enable this to be increased further. Though RF
amplification is required in all optical links, additional amplification is necessary in
IAOLs to compensate for losses in the integrator and discriminator filter.
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Fig. 14-7. SFDRs of the FM interferometric link, the PM interferometric link, and
a DD link plotted versus laser power for SCM cellular voice channels (30 kHz)
in’the 800 MHz frequency band. Solid lines correspond to 10 channels
and dotted lines correspond to 100 channels.

A potentially inexpensive approach for future downlink and uplink connections is
to use high-power semiconductor lasers with external modulators (such as an
interferometric link modulator) integrated into a compact transmitter module. Output
optical powers of 100 mW at 1.51 um [3] and over 1 W at other infrared wavelengths [4]
have already been demonstrated using multiple quantum well devices. The choice of
external modulation removes the need for lasers which must be highly linear and have

" uniform modulation response at multi-GHz frequencies. The recent availability of optical
amplifiers at 1.3 pm will remove the problem of chromatic dispersion for fiber links
longer than a couple of kilometers without causing fiber attenuation to become
unmanageable; this is particularly important for angle-modulated systems such as the
interferometric link. The potential SFDR advantages of interferometric links at high
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powers make their use an interesting alternative, particularly for transmission of
wideband signals at high subcarrier frequencies.

Fig. 14-7 compares the SFDRs of the three links vs. laser power for SCM cellular
voice channels (30 kHz each) located at the 800 MHz cellular band for a link loss of 12
dB, which is representative of the loss in a 20 km fiber link at 1.3 pm including connector
losses. The FM and PM interferometric links exhibit maximum SFDR advantages over
the DD link's SFDR of 13 dB and 11 dB, respectively. For 10 channels, the FM
interferometric link reaches the 70 dB SFDR required for transmission in occluded regions
[1] for a laser power of 2 mW; for 100 channels, the FM interferometric link reaches 70
dB SFDR at slightly more than 10 mW. The DD link does not reach 70 dB SFDR in
either case. Note that the SFDR difference between the 10 channel and 100 channel cases

is, conveniently, 10 dB.
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Chapter Fifteen

Recommendations for Future Work

In this chapter, we recommend directions for future work relating to analog fiber
optic links. In Section 15.1, we discuss potential future work for directly frequency
modulated analog links. In Section 15.2, we discuss the importance of the impact of fiber
characteristics on analog links and potential future work in this area. Section 15.3

contains references.
15.1 Directly Frequency Modulated Analog Links

During our current project, we have shown that analog optical FM links can
potentially achieve larger spurious-free dynamic range (SFDR) than AM links if laser
linewidths are sufficiently small (below 100 kHz). Recently, there have been several
demonstrations of semiconductor lasers with linewidths of 100 kHz and below [1-3].
These lasers can be directly frequency modulated and have been demonstrated to have
output powers on the order of 10 mW. They are typically fabricated using strained
multi-quantum well (MQW) materials and distributed feedback (DFB) or grating reflector
configurations. Such devices remain in the research stage at present but should become
more widely available during the next several years.

Though frequency-shift-keying (FSK), the digital counterpart of FM, has been
widely investigated and demonstrated for use in optical communication systems, there
have been only a few investigations of the use of optical FM in analog optical links. A
notable exception is the combined theoretical and experimental work of GTE Labs and
Stanford on a directly modulated FM system for subcarrier multiplexed (SCM) video
transmission [4]. During the past two years at Stanford, we have developed theoretical
models for predicting the performance of both directly and externally modulated FM
coherent analog links, taking into account laser linewidth, laser relative intensity noise
(RIN), receiver noise, and nonlinearities of the frequency discriminator.

A coherent FM link is shown in Fig. 15-1. The signal laser has at least two
electrodes, where one is used to provide the gain and the other is used to vary the laser
frequency. In the FM link, the payload signal is input to the electrode which controls the
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frequency of the laser diode. At the receiver, the output of a local oscillator laser is
combined with the signal and is heterodyned. The heterodyned current is then limited,
‘put through a discriminator filter, and envelope detected.

Gain Input Photodetector

current signal Fiber /

Ourput

Discrimi Envel si
— iscriminator velope
Limiter —® fiter ™ detector [

Fig. 15-1. FM link using direct modulation and a coherent optical receiver.

An interesting alternative to a coherent detection FM receiver is a direct detection
FM receiver in which the photodetector is preceded by a optical filter (F ig. 15-2). If the
FM optical spectrum falls on a linear slope of the filter transfer characteristic, the filter
will differentiate the optical signal, and convert the frequency deviation to amplitude
deviation. The optical filter thus performs the same function as the discriminator filter in

a coherent receiver.

Gain  Input
current  signal Photodetector
_ Qutput
signal
Optical (e
filter

Fig. 15-2. FM link using an optical filter and a direct-detection receiver.

Motivated by the recent advances in laser technology and our encouraging
theoretical results for FM links based on narrow-linewidth lasers, we recommend an
experimental and theoretical investigation of FM analog links. The experimental
investigation will involve the construction and characterization of an FM analog link using

direct modulation of low-linewidth semiconductor lasers.
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15.1.1 Theoretical Work

We recommend the theoretical investigation of the following facets of FM analog
optical links: (a) the degree of mnonlinearity of the laser frequency-vs.-current
characteristic of semiconductor lasers and its impact on the dynamic range; (b) the
nonuniformity of the laser FM response and its impact on the dynamic range; (c) the
impact of laser RIN and linewidth; and (d) the impact of fiber imperfections, including
dispersion and nonlinearities (see Section 15.2 for a discussion of fiber imperfections.)
The theoretical investigation will be conducted for both coherent and direct-detection FM
links.

When a current through the grating section of a DFB or DBR laser changes, its
lasing frequency will change. The frequency change is a function of the carrier density in
the active region and, for large SFDR, should be a linear function of the drive current
irrespective of the modulating frequency. The actual linearity (or nonlinearity) of the
laser frequency versus current characteristic is, however, unknown. It is important to
model the laser frequency-vs.-current characteristic of actual laser diodes and compare it
with measurable device parameters. It is important to assess the impact of this
nonlinearity on link dynamic range.

The frequency modulation response of a laser diode is the dependence of the
optical frequency deviation on the frequency of the applied modulating current. The FM
response of laser diodes is not uniform as a result of the following effects: the nonlinear
interaction of the carrier and photon populations, the finite carrier and photon lifetimes,
nonlinear grating dispersion, and mode hopping. It is important to model the FM
response of actual laser diodes and compare it with measurable device parameters. It is
important to assess the impact of the nonideal laser response and nonlinearities of the
discriminator filter in the receiver. It is important to model the impact of laser FM
response on SFDR and will also consider means of equalizing the FM response.

The signal information in FM links is contained in the optical phase rather than in
the optical intensity. Therefore, the impact of RIN on FM coherent links can be reduced
by a limiter in the receiver and a balanced front end. Itis important to investigate how
well a practical limiter can suppress RIN, and how well-balanced the receiver must be in
terms of matching the complex frequency response of the two photodetectors.

It is important to theoretically investigate the performance of a direct detection
FM link. Specifically, it is important to investigate the linearity and SFDR of the link for
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various types of optical filters. Additionally, it is important to investigate the impact of
RIN on the direct detection FM link.

15.1.2 Experimental Work

We recommend the construction and characterization of an experimental FM link.
We plan to use a directly modulated low-linewidth laser diode to produce a frequency
modulated optical carrier. If a coherent optical receiver will be used, it will contain a local
oscillator (LO) laser diode similar to that used at the transmitter (Fig. 15-1). If a direct-
detection receiver will be used, the receiver will contain an optical filter instead of a local
oscillator laser (Fig. 15-2).

It is important to characterize the transmitter laser diode. It is important to
measure the linearity of the laser frequency versus current charactenistic. The static
linearity will be measured by varying the dc current at the input to the transmitter grating
section and measuring the optical frequency of the output using an optical spectrum
analyzer. The dynamic linearity of the laser is more difficult to quantify. One possible
method is to demodulate the optical FM signal using either coherent detection with delay
line discrimination or direct detection with an optical filter. If two microwave tones are
used as the test signal, the output signal will display easily measurable nonlinear
components. This is shown in Fig. 15-3 for coherent detection. The photocurrent
spectrum is a downconverted copy of the laser FM spectrum, and the output spectrum
contains the two test tones plus additional components stemming from the laser input.
After characterization of the discriminator using a network analyzer, it may be possible to
eliminate the effect of the known discriminator nonlinearities, enabling a more accurate
characterization of the laser frequency versus current charactenstic.

The FM response of a laser is the dependence of the laser frequency deviation on
the modulation current frequency. It is important to characterize the FM response of the
transmitter at various modulation depths. It is important to also measure the optical
linewidth of the laser and the laser RIN.

If we use coherent detection, we will initially build a simple microwave two-
branch delay-line filter and characterize the system performance using this filter in the
receiver. It is important to then construct a four branch delay-line filter and use this filter
in the link®. It is important to then evaluate the resulting SFDR improvement. If we use

* Our analysis has shown that a four-branch filter can eliminate third-order distortion, making fifth-order
distortion the dominant nonlinearity and increasing the SFDR by 4 - 8 dB.

204




direct detection, It is important to use various optical filters (such as a fiber Fabry-Perot
and a Mach-Zehnder) and characterize the system performance.

It is important to verify the predictions of our theoretical model for link SFDR as
a function of laser linewidth, laser RIN, and signal optical power by measuring link SFDR
using a two-tone input signal. It is important to measure the SFDR penalty due to laser
nonlinearity and due to nonuniform laser FM response.
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Fig. 15-3. Spectra of signals in an FM link using direct modulation and
a coherent optical receiver.

15.2 Impact of Fiber Characteristics on Analog Links

The speed of light in an optical fiber is a function of the optical frequency, an
effect known as dispersion. Dispersion may distort a signal propagating through the
fiber. The distortion is proportional to the optical * signal bandwidth and may limit the
dynamic range of analog optical links.

Due to the development of high-power and high-speed lasers and optical
amplifiers, the optical power and bandwidth of the signal traveling along the fiber have
increased significantly. Fiber characteristics can potentially limit the SFDR of analog

* Opiical signal bandwidth is substantially larger than the bandwidth of the electrical signal transmitted.
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links; fiber dispersion is especially important at high RF frequencies, and fiber
nonlinearities is especially important at high optical powers.

For optically amplified analog links, there is an additional concern. In the course
of amplification, optical amplifiers add spontaneous emission to the signal. Upon
detection, this spontaneous emission results in a2 number of noise terms, including signal-
spontaneous beat noise, spontaneous-spontaneous beat noise, and excess shot noise. For
the high saturation power amplifiers now available, signal and spontaneous emission
power levels may be quite high. The impact of optical fiber nonlinearities is of particular
concern in such systems.

Four types of fiber nonlinearities can degrade the performance of optical fiber
systems: (a) four wave mixing (FWM), (b) self and cross-phase modulation (SPM and
XPM, respectively), (c) stimulated Brillouin scattering (SBS), and (d) stimulated Raman
scattering (SRS). The four effects are briefly described below:

Four wave mixing (FWM): Four wave mixing is caused by the intensity-dependent
refractive index of optical fiber. Two copropagating waves at different frequencies can
mix together to generate two new waves at different frequencies. In WDM systems, this

process can cause power losses, signal distortion in each channel, and interference with
other channels. The interaction strength of FWM depends critically on the phase
matching condition. Because of the dispersion properties of optical fibers, this process is
important if the frequency separation between channels is small or if the system is

operated near the zero-dispersion point.

Self and cross-phase modulation (SPM and XPM): The nonlinear index of refraction of
the optical fiber may cause phase changes due to signal intensity fluctuations. In single
channel transmission systems, it is called self-phase modulation (SPM). In WDM

systems, cross-phase modulation (XPM) may convert intensity fluctuation in one
channel to phase fluctuations in other channels. If the channel separation is large enough,

no new frequencies are generated by these effects.

Stimulated Brillouin scattering (SBS): Stimulated Brillouin scattering is an interaction

between incident light and acoustic phonons (sound waves) in the material. Due to
energy and momentum conservation criteria, SBS in optical fibers will only generate
backward propagating waves at downshifted frequencies (Stokes waves). SBS may cause
crosstalk between counter-propagating waves or power losses due to reflection in
unidirectional transmission systems. A signal wave and a Stokes wave will experience a
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strong SBS interaction if the optical frequency separation is equal to the fiber acoustic
resonance frequency (about 10-20 GHz). Because of the narrow interaction bandwidth of
SBS (less than several hundreds of megahertz), the effect of SBS is especially important
for narrow linewidth lasers.

Stimulated Raman scattering (SRS). Stimulated Raman scattering is an interaction

between incident light and optical phonons, or molecular vibrations of the material. The
effects of SRS are similar to those of SBS, except that SRS can cause an interaction
between copropagating and counter-propagating waves. The SRS gain coefficient
increases approximately linearly with frequency separation up to 15,000 GHz. This
broad bandwidth means that it is impossible to avoid SRS by proper channel allocation.
SRS may lead to signal power losses and crosstalk between channels. In WDM systems,
power may be transferred from channels with higher frequencies to channels with lower
frequencies. This interaction becomes stronger as the number of channels and the channel

separation Increase.
Fiber imperfections affect the system as follows:

(1) Fiber dispersion can limit the spurious-free dynamic range of an optical link even
when the link loss budget has not been exceeded. The large bandwidth of wide-
deviation FM signals may also increase the impact of dispersion.

(2) FWM is important in WDM applications. FWM generates a new frequency of
light through power transfer from three existing frequencies. The wavelengths of
most generated signals fall into the waveband of WDM signals; therefore, these
signals become a source of interference.

(3) SPM induces a change of the refractive index of the transmission material
proportional to the light intensity; this index change induces a phase shift in the
light, which can directly affect PM or FM systems. For AM links, this phase
modulation results in frequency chirping, which, together with fiber chromatic
dispersion, may cause signal distortion.

(4) When two or more waves propagate in a nonlinear medium (like optical fiber at
high power levels), the amplitude modulation of one wave will result in the phase
modulation of the others through the same mechanism that leads to SPM. This
effects is known as XPM. The impact of XPM can be large in WDM systems,
particularly when there is a combination of AM and FM optical signals.
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(5) At the onset of SBS, a portion of the optical input power will be scattered back,
resulting in a limit on the transmittable optical power of amplifier-based systems.
FM systems may be less susceptible to SBS due to the lower power spectral
density of wideband FM signals and due to the lower received power
requirements of FM signals.

(6) Due to fiber nonlinearities, the spontaneous emission of optical amplifiers
modulates the phase of the transmitted signal and broadens its spectrum. This
may cause additional signal distortion for optically amplified analog links.

15.2.1 Theoretical Work

We recommend the investigation of the impact of fiber imperfections (dispersion
and nonlinearities) on the performance of analog optical links with and without optical
amplifiers. It is important to quantify the relationship between the SFDR and fiber
characteristics taking into account the impact of optical power, signal bandwidth, and
optical amplifier characteristics.

It is important to develop an understanding of the impact of fiber dispersion and
fiber nonlinearities on analog optical links employing both conventional single-mode fiber
and dispersion-shifted fiber. It will then be possible to evaluate the SFDR, RF power
transfer ratio, and noise figure in the presence of fiber imperfections, and to subsequently
identify a transmission scheme minimizing the impact of fiber imperfections on analog
optical links. ‘

It is important to investigate the impact of fiber dispersion and nonlinearities on
analog fiber-optic links using optical amplifiers by concentrating on the interaction
between optical amplifier characteristics, fiber dispersion and nonlinearities, and how
these phenomena will affect the SFDR, RF power transfer ratio and noise figure. It is
important to consider the difference in the performance of systems using erbium-doped
fiber amplifiers (EDFAs) and semiconductor optical amplifiers (SOAs). The gain of
optical amplifiers can be saturated by high-level signals and spontaneous emission.
Saturation leads to both gain reduction and the generation of intermodulation distortion.
EDFAs have much slower gain dynamics than SOAs; the gain variations in EDFAs occur
on time scales of 10 ms versus 1 ns for SOAs. The slower gain dynamics of EDFAs leads
to substantially lower intermodulation distortion than SOAs, and thus, EDFAs are likely
to lead to better link performance. SOAs have also been known to have a gain ripple due
to nonideal antireflection coating. It is important to investigate the distortion generated

by the gain ripple's interaction with laser frequency chirping, and to evaluate the
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intermodulation distortion generated by the two types of amplifiers. It will then be
possible to evaluate the upper limit to link performance imposed by the intrinsic
amplifier and fiber characteristics. It is also important to investigate the optimum
positioning of optical amplifiers to minimize the impact of fiber imperfections on
optically amplified analog optical links.

It is important to identify and investigate the dominant nonlinearities for each
analog system. It is expected that for single channel AM links, Brillouin scattering may
be the dominant effect due to the large narrowband carrier term in AM systems. FM
systems spread the signal power over a wider band of frequencies. Though this may
increase the impact of dispersion on FM systems, the impact of fiber nonlinearities may
be reduced for the same reason. In FM systems, self-phase modulation is expected to be
the dominant effect due to the sensitivity of FM systems to phase perturbations. In
multichannel systems, four wave mixing and cross-phase modulation may become more
important.

It is important to investigate techniques for reducing the impact of nonlinearities”
and to identify modulation and demodulation techniques that minimize the degradation of
SFDR due to fiber imperfection.

15.2.2 Experimental Work

It is important to experimentally investigate the impact of fiber dispersion and
nonlinearities on analog optical links with and without optical amplifiers. An example of
an experiment to measure the impact of fiber dispersion on SFDR is shown in Fig. 154.
The effects of fiber dispersion are investigated for (a) a directly modulated system and (b)
an externally modulated system. It has been experimentally shown that the coupling of
laser chirp and fiber dispersion causes serious degradation of the dynamic range by the
second order nonlinearity [5]. By comparing the two systems for different modulation
indexes and different fiber lengths as shown in Fig. 15-4, it is possible to identify the
combined effects of laser chirp and fiber dispersion.

It is also important to experimentally investigate the interaction between optical
amplifier characteristics, fiber dispersion and nonlinearities, and how these phenomena
affect the dynamic range, RF power transfer ratio and noise figure of analog links. This
can be done by building and characterizing the link shown in Fig. 15-4 using an erbium-
doped fiber amplifier (EDFA) and a semiconductor optical amplifier (SOA), and

* For example. it has been experimentally demonstrated that phase modulation can be used to reduce the
impact of Brillouin scattering on AM systems [9].
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comparing their performance to quantify the relationship between the optical power,
signal bandwidth, optical amplifier and fiber characteristics. It is important to determine
the various noise terms generated by the amplifier spontaneous emission at the receiver,
such as signal-spontaneous beat noise, spontaneous-spontaneous beat noise, and excess
shot noise. It is also important to investigate the impact of the gain nipple found in
SOAs, how amplifier gain saturation leads to both gain reduction and the generation of
intermodulation distortion, and the optimum positioning of optical amplifiers to minimize
the impact of fiber imperfections on optically amplified analog optical links.
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Fig. 15-4. Experimental set-up for measuring the impact of dispersion for
a directly modulated system and an externally modulated system.

An example of an experiment to measure the impact of stimulated Brillouin
scattering is shown in Fig. 15-5. The light from a transmitter laser travels through a long
length of fiber consisting of multiple fiber spools spliced together. The light is then
coherently detected and the detected signal is displayed on a spectrum analyzer. A
directional coupler is included to allow the backscattered light due to Brillouin scattering
to be measured.

As shown in both Figs. 15-4 and 15-5, we can apply two-tone test signals to
measure the (a) spurious-free dynamic range, (b) intermodulation levels, (c) signal-to noise
ratio, (d) RF power transfer ratio and (e) noise figure as a function of laser power and
fiber length. With coherent detection, it will be possible to investigate the impact of
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optical power fluctuations resulting from SBS on the dynamic range and to measure the
backscatter as a function of optical power to quantify the impact of Brillouin scattering.
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Fig. 15-5. Experimental set-up for measuring the impact of Brillouin scattering
on spurious-free dynamic range.
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Appendix A

System Noises and Their Properties

A.1 Basic Noise Properties

In this section, we discuss the basic properties of noises which commonly affect
analog optical links. These noises include receiver additive noise, laser relative intensity
noise (RIN), laser phase noise, and amplified spontaneous emission (ASE) noise.

A.1.1 Additive Noise

Shot noise and thermal noise are the two fundamental noise mechanisms
responsible for current fluctuations in all optical receivers even when the incident optical
power P is constant. Of course, additional noise is generated if P is itself fluctuating
because of relative intensity noise associated with the system. The photodiode current

generated in response to a constant optical signal can be written as:
Iy =1, +i,()+i,(t)+i(D) (A.])

where I, = RP is the average current and i,(1), is(1), i,(1) are current fluctuations related to

thermal noise, shot noise and relative intensity noise, respectively.

A.1.1.1 Thermal noise

Random thermal motion of electrons in a resistor manifests as a fluctuating current
even in the absence of an applied voltage. The load resistor in the front end of an optical
receiver adds such fluctuations to the current generated by the photodiode.
Mathematically, iy(?) is modeled as a stationary Gaussian random process with a spectral

density that is frequency independent and is given by:
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S,(f)=-‘-t-’:—T-. for0< f<eo (A.2)

where k is the Boltzman constant, T is the absolute temperature, and r is the load resistor.

A.1.1.2 Shot noise

Shot noise is a manifestation of the fact that electric current consists of a stream of
electrons that are generated at random times. Mathematically, the photocurrent
fluctuation is a stationary random process with Possion statistics which in practice can be
approximated by the Gaussian statistics with a spectral density given by:

S,(f)=2dl,, for0< f<eo (A3)

where ¢ is the charge of an electron.

A.1.2 Relative Intensity Noise

In practice, light emitted by any transmitter exhibits power fluctuations. Such
fluctuations are calied relative intensity noise. An exact analysis of i,(2) is complicated, as
it involves the calculation of photocurrent statistics which in turn depends on the
intensity-noise statistics at the receiver. A simple approach is to assume the spectral

density to be:

RIN

S,(f)=R*P*101° for0< f <eo (A.4)

where the parameter RIN, in dB/Hz, 1s a measure of the noise level of the incident optical

signal.

The above assumption is valid for modulation frequencies much lower than the
laser relaxation resonance frequency. In Section A.2, we will describe the characteristics
of laser RIN for modulation frequencies much larger than the relaxation resonance

frequency.
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A.1.3 Phase Noise

The spectral shape for semiconductor lasers can be approximated by the
Lorenzian lineshape, i.c., the phase noise is dominated by white frequency noise. The
single-sided PSD of f{?) is given by the following expression:

S,(f)=-$f-‘;—, for0< f<eo (A.5)

where Dn is the FWHM linewidth.
A.1.4 Amplified Spontaneous Emission Noise

Spontaneous emission is a manifestation of the fact that photons are generated
randomly in atoms by the movement of electrons from higher to lower energy states. As
a result, even in the case of complete population inversion in the optical amplifier gain
medium, noise is added to the amplified output signal. This noise, known as amplified
spontaneous emission (ASE) noise, is uniformly present in any polarization and is white
over the amplifier bandwidth, which is on the order of tens of nanometers.
Mathematically, the fluctuation in the number of photons generated by a large number of
atoms is, like shot noise, well approximated by Gaussian statistics. The single-sided PSD
of each ASE component 1s

S,e(f)=(G=1)n_hv, for 0< f < oo (A.6)

where hv represents the energy of the spontaneously emitted photons and n,, is the

amplifier spontaneous emission factor. n,, equals one for complete population inversion

and is greater than one if inversion is incomplete.
A.2 Noise in Angle Modulated Links

In this section, we evaluate the noise expressions used throughout Part 3. Due to
the receiver complexity of angle modulated links, we present not only the basic noise
properties of the noises described in Section A.1, but also the properties of derivative
noise processes and of baseband and bandpass noises.
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A.2.1 Baseband and Bandpass Noise

In the following expressions, we encounter both bandpass noise terms around the
IF and baseband noise. We will use the subscript bp to indicate bandpass noise, which 1s

related to the unfiltered noise by

nbp(t) = hbp (t)*n(t) (A7)

where hpy(?) is the impulse response of the IF amplifier. We will use the subscript bb to
indicate baseband noise, which is related to the unfiltered noise by

ny (1) = hyy (21 0(1) (A.8)
where hpp(¢) is the impulse response of the baseband circuitry.
A.2.2 Power Spectral Density of the Receiver Noise and its Derivative

The shot noise ng(f) is white with a single-sided power spectral density (PSD)

after each photodiode given by

eR(P, + P,) (CD)
2¢RP, (DD)

G, (f)=mn,= { (A.9)

For coherent detection (CD), a balanced receiver is assumed. For direct detection (DD) as
in interferometric links, a single photodetector is used.
The thermal noise ny(?) is also white with a single-sided PSD given by

akT
G, (f)=mn., =% (A.10)

r

In the above expressions, P is the received signal optical power, P, is the

received local oscillator optical power, e is the electron charge, k is Boltzmann's constant,
T is the absolute temperature, and R, is the effective receiver resistance. Assuming
perfectly matched photodetectors, the sum of the shot and thermal noise, np(?), has a
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PSD given by 7, =21, + 7,- The root mean squared (RMS) power in np(?) is thus
given by

(1) =TpB (A.11)
(n},,)=2m,B (A.12)

where B is the bandwidth of the baseband signal x(z).
For the FM case, we must evaluate the PSD of 7, (#), which is given by

G, (f)=af) n, (A.13)

D

leading to

(i) = C1) (£~ £7) (A.14)

1 and f> are the lower and upper baseband signal frequency, respectively, and thus obey
the relationship '

B=f,-f (A.15)
A.2.3 Power Spectral Density of the Phase Noise and its Derivative
The PSD of the frequency noise @,(t) is given by [1]

G, (f)=4nAv (A.16)

@

which leads to

(p3)=4anAvB (A.17)

where Dn is the combined linewidth of the transmitter and local oscillator lasers. The
PSD of the phase noise @,(t) is given by
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G, (f)l== (A.18)

which leads to

2y _Avil 1
(e7)= - (ﬂ fz) (A.19)

A.2.4 Power Spectral Density of the RIN and its Derivative

The PSD of the RIN is a complicated function of a number of laser parameters [2].
For the purpose of our analysis, we will describe the RIN PSD phenomenologically as

G, (f)= sy, (A.20)
[l+(f/fk) ]

where 7], is an "average" low frequency RIN PSD and /x is RIN roll-off frequency, which
is related to the relaxation oscillation frequency of the laser. Through an appropriate
choice of 7, and f, we can adequately model the impact of RIN on the analog links
analyzed. Eq. (A.20) leads to

(n2)=g,(f)-&(f) (A21)
where
_ Mefal,. - (f/1%)
&(f)= 5 | wn (f/fk)'*m} (A.22)

For the bandpass RIN, we find
(n;bp)zgl(LF+-f;)-gl(-f;F+j;)+gl(le - -alfr = 1) (A.23)

In the FM SNR expression, we can evaluate (r’zﬁ) as
(i2)=8:(fir + )= &:(fir + 1))+ &2 fir = £) = &alfir = 1) (A24)
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where

S — _ (f/1e)
8(f)= 5 {tan (/1) m} (A.25)

A.2.5 Photodetector Matching Factor

The photodetector matching factor b of the coherent PM link is defined as

([A®) - @) *ne o)
b= o
(nR(t)>

(A.26)

where A (¢) and h,(1) are the impulse responses of the two photodetectors in the balanced

receiver. For the coherent FM link,

([n - BO]* i)
b= -
(n;(t))

(A.27)

b ranges from 0 for two perfectly matched photodetectors to 1 for a single photodetector.
A.3 Noise in Optically Amplified Angle Modulated Links

The single-sided noise power of the ASE component in each polarization is [3]
<n(27A5 bp> = <”37A6 bp> = (G - l)hfnxpB (A'28)

where hf represents the average energy of the spontaneously emitted photons, ng, is the
amplifier spontaneous emission factor, and B is the signal bandwidth. The power spectral
density of the spontaneous-spontaneous (sp-sp) noise is given in [4] as

(%) = ((G=Difn,,) 2B,,,B (A.29)

sp-sp bp

225




where B,y is the bandwidth of the optical filter. No optical filter is needed in the DD
link or in the interferometric links for high powers since the sp-sp noise is dominated by
the signal-spontaneous (and reference-spontaneous in the interferometric links) noises.

The noise power in a bandwidth B = fpa-fmin Of a general a(?) is the integral from
Jomin 10 fmax of the power spectral density (27 )217, where 77 is the power spectral
density of n(z). Therefore,

NS o = fom) (A.30)

As a result, the noise powers in the FM SNR expression are simply

(oasop) = (ousop) = (G = Ditfr, (—2?—(&, ~ fow) (A31)
(R - 1) = ((G = D, )2 2B, (—2-;&( 1) (A32)
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Appendix B

Derivation of Amplitude Modulated Link Equations

B.1 2-port 90° Optical Hybrid Homodyne WIRNA System

Let the signal to be transmitted be x(?). The electric field of the optical signal
obtained by the external amplitude modulator can be written, using phasor notation, as:

E, = szi[ef’(" +e’5) ®B.1)

where P, rtepresents the total optical power. In homodyne systems, the optical center
frequency of the local oscillator is same as that of the signal light. The electric field of the

local oscillator can be written as:

E,, =[P B.2)
where f{?) is the phase difference between the optical signal and local oscillator, and it
represents the total phase noise. Using the optical 90° hybrid, the two optical signals are

combined. As outputs of the optical hybrid, two signals are obtained with different phase

relations:

E =JL(E;+Ey) (B.3)
E, = «/Z(ES+Ewej5J (B.4)

The output currents from the photodetectors are proportional to the optical
power, |E. They can be written as:

i =|Ef R = A[P; + Pp + Psinx +2P;P , {cos(x + §) —sin o}]+n  BS)
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L= |E2|2R = A[Ps + Py + Pssinx +[2PsPy, {sin(x + @) +cos ¢p}] +n, (B.6)

ot

where A = RL and n; and n; are the additive noises with power spectral densities of
N, =10, =0=1,+2qRL(P,+Py). After the DC block, wideband filter, and square-

law detector, two processed signals are obtained as below:

W, =[(i1 —DC)* "1]2 = A? 2Pst{COSZ(x+¢)+sin2 ¢"'2COS(x+ ¢)sin ¢}
+(Pssinx)2 +2Pssinx\[2_pE{cos(x+¢)_sm¢}

+(n, * b ) +2(m * b)A[ Py sinx + 2P.P,, {cos(x + ¢) - sin 0}]
(B.7)

{6 DC) ] =] Al @)oo 25l g)cosd)
+(Pssin x) + 2P sinx4[2P;P, {sin(x + ¢)+cos ¢}

+(n2 * h,)z + 2(;1_., *h )A[PS sinx + -JZPSPw {sin(x + ¢)+ cos ¢}]
(B.8)

From the multiplication of cos(x + ¢) and sin ¢ terms, the original signal can be

recovered. Many other noise terms, however, are produced by the same operation. By
adding two branches, the strongest noise terms with the same dependency on Ps as the
signal are either canceled or converted into DC current. The remaining terms can be

separated into 5 terms:

y={(w,+w,-DC )* h, = Signal + 2ndHD + Direct: phase + White: phase + White: white

(B.9)
where
Signal = 4PP,A sinx (B.10)
2ndHD = AP’ cos2x (B.11)
Direct: phase = (4A*Pg[2PsP,, sinxcos ¢)*h, (B.12)
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Signal:white = 2(n, * b )A| P sin x + 2P;P 5 {cos(x + ¢) —sin ¢}) * b,

(B.13)
+2(n, * by )A[PS sinx +2PsP, {sin(x + ¢)+cos ¢}] *h,
White:white = (n,* b)) * by +(m, * b)) * b, (B.14)

_ The white:phase cross term can be simplified considering that signal Pgsinx 1s
relatively small compared to the phase noise term \2P:P,, {cos(x +¢)-sin ¢}.

White: phase = 4(nl * h,)A PP, sin @ * h, + (similar, independent term) (B.15)

Assume x = msinw,t and sinx = msin®, . Evaluating the power of each term,

we obtain the expressions below.

P

signal

= 8A*PIP} m’ (B.16)

1
Poparp = EA‘P;m" (B.17)

To evaluate P, . first evaluate the auto-correlation function.
R/(7) = 8A*PP ,m’ cos(w,t)e”™"" (B.18)

Using this function, we get

P = | S(PHF = [ FT[R(D

_Bz

= EA“P?Pme Jsin(27rBz 7)cos(w, T)e Lo
T - T

=§-A4P§Pwm: tan” ——,iélz&——; +7
4 AV =By +f,

(B.19)

=8A*PP ,m*(1-T))

where
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1 4AVB,
un” 2 =, fAv< 2B
I = g 1 B;Z 4AVE, (8.20)
l - mn— g » ] ZB
T AV - 4822 7 Av> 25
Similarly, for P paes
R,(7) = 8A*P,P ,MB,sinc(2B,7)e (B21)

P =2 | FT[R,(D)F

-ﬂ:

-av ]

8 -
= —A*P.P in(2 7B, 7)sin(27B, T —dT
e s wn-_[sm( ,7)sin(27B, T)e =

aB,{tan”'| — 4AV,B‘ =+
AV +4B; - 4B,

8 AV’ +4B} —4B;
= —Z—A PSPwT] ) ,
T LTav, AV’ +4(B, - B,)
n
2 |AV +4(B +B,)

= 16A*P,P,nB,(1-T,)

where
r. = Av lnB‘ + B,
° 2nB, B -B,
P oiehie = 277232 (481 - Bz)
Finally, we obtain the signal to noise ratio as
quml
SNR =
2ndHD + Pdluﬂ-phnu + Pwﬁme-—phme + Pwhue-—wmle

8A*PIP; m’

(B.22)

(B.23)

(B.24)

1

The fundamental limit of the dynamic range becomes
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5A“ij" +8A*P P om*(1-T,)+16A*P,P,B,1(1-T,)+21’B,(4B, - B,)
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4ap2p?
FLDR = 8A*P’P,
-2-A“P;‘ +8A*PP,(1-T,)+16A4’P P ,B,M(1~T ;) +21"By(4B, - B,)

(B.26)
B.2 K-port Optical Hybrid Homodyne WIRNA System

The optical signal and the local oscillator light are combined through K-port
optical hybrid. The output electric field from the k-th port of the optical hybrid can be

written as:

2r
E, = JZ(ES +E e ¥ ') (B.27)
/

The output current of the k-th photodetector is
. 2 . 2r . 2
i, =|E,[ R=RL| P+ Py, + Pssinx ++f2PP,{cos| x— ¢ —-;(—k +sin ¢+—K-—k +n,
(B.28)

After squaring, each signal becomes

cosz(x—¢—-%l<£k)+sinz(¢+—21—(7£k)
2n 2n

+2¢ s( - ——-—k)' ( +—k)
os| x—¢ X sin{ @ X

L+2PS sinx[2PsP,, {cos(x -¢ -%k)+sin(¢ +:—2§-k)}

+(n, * hl)2 + 2('& * }H)AliPs sinx ++/2PsP, {cos(x -¢- %k)+ sin(tp + 3—;—&)}
(B.2-9)

2P.P,, +(Pysinx)’

~

w =[(i,-DC)*h] = 4

Taking the sum of all signals leads to an expression similar to Eq. (B.9):
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N
y= Z(W, - DC)* h, = Signal + 2ndHD + Direct: phase + White: phase + White: white

km}

(B.30)

where
Signal = 2NPsP,A’ sinx (B.31)
2ndHD = -Ii(-AzPS’ cos2x (B.32)

Because of the symmetry introduced by the K-port optical hybrid, Direct:phase

cross terms are canceled.

Direct: phase = A*2 P sinx+[2PsP, Z{COS(X -9 —-zK—zk)+ sin(tp + szk)} =0
(B.33)

Signal:white = 2(n, *h, )A[Ps sinx++2PsP, {cos(x -¢- 2—N7£-k) + sin(cp + %k)}] *h,

(B.34)
White:white = Y (n, * b))’ * b, (B.35)

Similarly, the White:phase term is simplified to
White: phase = 2 4(n, * b)Ay[PsP L, sin@* b, (B.36)

The power of each term is evaluated as:

P, = 2K*A*PIP{ o’ (B.37)
Pysip = EgiA“Pgm“ (B.38)
Possernie = KTI°By (4B, = B;) (B.39)
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Poierprase = N fFT[Rz(r)}If

4N
= —”TAzpstT]

LTV AV +4(B, - B,)
2 AV’ +4(B, +B,)

L

= 8NA’P,P,mB,(1-T,)

(B.40)
The FLDR becomes
P:i nal
FLDR = £
2adHD + Pwhitr-phau + Pwlule—wlu‘u
2NA*P2P}, (B.41)
p—t N2

—8—A“Pf +8NA’P.P,Bn(1-T,)+ N1’B, (4B, - B,)

B.3 2K-port Optical Hybrid Homodyne WIRNA System

We treat k-th output and (k+K)th output as a pair and make balanced recetver to

cancel direct detection term before the squaring operation. The electric fields are
E =L (ES +E e J (B.42)
‘E(MK )
E, = w/—l:(Es +E e ) (B.43)

The photodetector output currents are

i = lEk‘zR - RL[PS + P, + Pgsinx+4/2PsP, {COS(X -¢ —-I%k)+ sin((b +77;-k)}]+ n,
(B.44)
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by = |E,“|2R = RL[PS + P, + Pgsinx - w/zPst {cos(x -¢- -;%k)-e- sin(d) + %k)}]#— n,.x
(B.45)

The actual output from the balanced receiver is
. n . n ,
I, =i, =i, =2AJ2P.P,, {cos(x -0 _Ek)+ sm(¢ +?k)} +n', (B.46)

where ', = n, —n, ., With power spectral density ofn, = 7, +4gRL(P,+ P,,). This
expression shows that inessential terms are canceled and there is no 2nd harmonic noise
nor direct:phase noise term. The output of the square-law detector becomes

W, =[l, *hl]z
- 8A2P,Pw{cos’(x- ¢ --I’-;-k)+sin’(¢+%k)+ 2cos(x— ¢ —%k)sin(¢+-;-;-k)}

+(n', *h V' +4(n', *h )Ay2PP {cos(x -0- -I%k)q. sin(¢ + .I%k)}

B.47)
By adding all signals, we obtain
y= z — DC)* h, = Signal + White: phase + White: white (B.48)
k=]
where
Signal = 8KA*P,P ,A*sinx (B.49)

Signal:white =Y 4(n', *h, )JA\2PP, {cos(x -¢ —%k)+sin(¢ +-;—;—k)} * h,
=Y 8(n, *k)AJPsPL, sing * b,
(B.50)

White:white = . (11, *h) *h, (B.51)
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Evaluating the power of each term, we get

P, = 8(2K)’ A*PIP}pm’ (B.52)
2K
Posicme =~ T3 By(4B, = B;) (B.53)
P piase = 16(2K)A* PSP oM, By (1-T ) (B.54)

There is no noise term dependent on the modulation index. As the result we achieve an
FLDR of

P.n nal
FLDR = 2

P white—~phase + P white—white
8(2K) A*P?PY, (B.55)
16(2K)A*P.P,B,15(1 - r,)+ 225 n;B,(4B, - B,)

Table B-1. Definition of the Vanables

Es Ep Phasor of the optical signal and local oscillator
E; Ep Output phasor of the optical hybrid port 1 and port 2
Ws Wio Optical signal and local oscillator frequency
Js,Jio Phase noise of the optical signal and local oscillator
) Combined linewidth of the signal and the local oscillator lasers
m Modulation index to the external modulator
x(1) Normalized RF input signal to the modulator
Pg Received optical power
P Local oscillator optical power
L Total loss of the optical hybrid from an input port to an output
port
A =RL; coefficient of the signal amplitude
B Bandwidth of the lowpass filter (first stage: wide bandwidth)
B; Bandwidth of the lowpass filter (last stage: narrow bandwidth)
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Appendix C

Derivation of Angle Modulated Link Equations

In this appendix, the link equations relating to the angle-modulated links discussed
in Chapters 8 and 9 are derived. These include, among others, derivations of SNR and
SFDR. Section C.] contains derivations for Chapter 8, which covers both directly and
externally modulated coherent PM and FM links. Section C.2 contains derivations for
Section 9.5, which covers the heterodyne interferometric links (HIPM and HIFM).
Section C.3 contains derivations for Section 9.6, which covers the homodyne
interferometric phase modulated (HPM) link. Section C.4 contains references.

C.1 Coherent PM and FM Links
In this section, the derivations for the coherent PM and FM links are provided.
Section C.1.1 contains the parallel derivations of SFDR. Section C.1.2 contains the

parallel derivations of RF power transfer ratio and noise figure. Section C.1.3 contains
derivations relating to the maximum available modulation depth for externally modulated

FM links.

C.1.1 SFDR of Coherent PM and FM Links

The incident optical signal field at each photodetector for the PM and FM links is

e (1) = \/-’21[1 + ngg(1)) expil gt + @, x(1) + @.s(1) (C.1
ery () = 1’%[1 + ngg(1))] cxpi[wst + wAJx(t)dt + @ (t)] (C.2)

where Pg is the total received signal optical power at each receiver, ngs (1) is the relative
intensity noise (RIN) of the signal laser, ws and @,s(?) are the optical frequency and

given by
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phase noise of the signal laser, respectively, x(7) is the normalized applied signal, @, is the
phase deviation, and @, is the frequency deviation. We assume that the laser is perfectly
linear and that its FM response is uniform in the case of direct FM, and that the
integrator is perfectly linear in the externally modulated cases.

The local oscillator field at each photodetector for the coherent links is given by

e(t)= \/-%2[1 + g ()] expil @51 + 9,05(1)] (C.3)

where P; o is the total received local oscillator power at the photodetector, ngpzo(f) 1s the
relative intensity noise (RIN) of the LO laser, and @.0 and @,.0(?) are the optical
frequency and phase noise of the LO laser, respectively.

Neglecting DC terms, the detected currents (indicated by the subscript '1") in the
PM and FM links are given by

Iy (1) = [hl (1)+ hz(t)] * {R\/Pst[l + nks(t)][l + ”nw(t)]
XCOS[ @t + @, X (1) + @,5(1) — Puo(D)]+ nsh(t)} +n, (1)

+[h1 (1)- hz(t)] * ‘%R[Psnks(t) + Pwnkw(t)]

(C.4)
iy, (2)= [hx (0)+ h:(’)] * {R\/Pspw[l + "Rs(')][l + "Rw(’)]

xcos[a),Ft + a)ij(t)dt +@,5(t)— ¢M(t)] + n,,,(t)} +n,(r)

[ (1)~ (0] R Py, 0+ Pomeio(0)] s

where R is the responsivity of the photodetectors, hy(f) and h(f) are the impulse
responses of the two photodetectors, and ng,(2) and ng,(f) are due to shot and thermal
noise, respectively. The shot noise is defined per photodetector in each system (see
Appendix A.2.2). Since the thermal noise is added after detection, it is not affected by
the impulse responses of the detectors. Ideally, the impulse responses of the
photodetectors in a balanced receiver are perfectly matched; in practice, they are
somewhat different. We will assume that the transfer functions of the photodetectors are
approximately flat over the received signal bandwidth, and that they differ by a small
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factor. Under this assumption, we can write [h,(t)+ h,(t)]* A()=2A(r) and

Ah(t) & b (1) = hy(0).

Now we derive expressions for the output currents of the links. We neglect high-
order noise terms and products between the noise and the modulated signal (which does
not include the IF carrier component) since analog links have high SNRs and small
modulation depths. The PM signal is recovered by a chain consisting of a limiter, phase

discriminator, and envelope detector.
After the limiter, the RIN terms multiplying the cosine term are eliminated and

the quadrature components of the amplitude noise terms become part of the cosine

argument,

ip2(t) = 2R FsFp cos[wlr’ + @ x(1)+ ‘P.m(')] (C.6)
where the total noise in the phase of the signal is given by

1
q)n tor (t) = qu (t) - (anO(t) + M(RPS’IRSQ([) + RPLOanq (t) + an (t)) (C°7)

The delay-line filter has a transfer function given by

H(f)= cos(%-ff—) (C8)
IF

where we have chosen the filter delay ¢ = 1/2fi . For a signal centered at fif, we can

expand the transfer function as

H(f)£“§%(f’ﬁr)*"é’[%(f’ﬁr)} (C.9)
IF IF

Using the Fourier derivative theorem to relate the input current to the discriminator to the

output current, we obtain [1]:
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i) = KRFF {0,500+ 0. LOp3| 2 | lesst - a0~ 0240

XCOS[Zﬂflpt + wa(t)"' ¢nwr(1)+ q’o]
(C.10)

In Eq. (C.10), we have neglected higher order noise and signal cross noise terms
(which are small compared to the first-order signal and noise terms). After the envelope

detector and the integrator, we have

i ou (1) = KR[PsPog { [%x(t)ﬂp,..,,(t)] ( 4} )[%x(t)-z—w (n- %fx’(t)dt]}

(C.11)

It can be shown that, for a sub-octave signal band, the only significant
intermodulation terms falling within the signal band are those coming from the term
proportional to @43, and we thus ammve at Eq. (C.11).

The only difference between the FM and PM receivers is the absence of an
integrator after the envelope detector in the FM case. This results in

imw,u)ﬂR\/Pst{— [@,%(0)+ (D)) + ( T )[w () - B x(A(1) - 03x°(1)]

(C.12)

It can be shown that, for a sub-octave signal band, the only significant
intermodulation terms falling within the signal band are those coming from the term
proportional to w,3, and we thus arrive at Eq. (C.12).

The corresponding signal-to-noise ratios (SNRs) for the PM and FM links are
given by

4R*PP,(x* (1))
4R2P3Pw<(¢p,,5 - ¢M)2>+ %b(RPS) (nkw)+ ~b(RP) (o) + (1D m)

= q’ZSNRPMa

SNRyy = ‘Pi

(C.13)
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w, Y 4B*R*P,P,(x* (1))
SNRFM=( B) ) ) .oy\ 1 2.9 1 252 32
R P9~ ) )+ LHREY (i) + SHRP (o * )
@ 2
() e

(C.14)

where B is the bandwidth of the baseband signal x(f) and b is the photodetector matching
factor, which is defined in Appendix C. The normalized SNRs SNRpao, and SNR g, are
the SNRs for each of the links for a unity modulation index; note that the modulation
indices may exceed unity. The various noise expressions in Egs. (C.13) and (C.14) are
evaluated in Appendix A.2.

Egs. (C.13) and (C.14) indicate that the SNR increases monotonically with the
modulation index. The maximum useful modulation index is limited by intermodulation
distortion associated with nonlinear effects. In the next section, we derive expressions for
the maximum useful modulation index and the associated spurious-free dynamic range.

As presented in Section 8.2.3, the SFDR of the links can be cxprcsscd by

(C.15)

2/3
8SNR, ]

3|

SFDR =|:

where SNR, is defined in Egs. (C.13) and (C.14) and |b,| , the third-order nonlinearity

2
B ) for the coherent FM

IF

2
coefficient, is —1- 7 for the coherent PM link and l
6\ 2f 6

links.
C.1.2 RF Power Transfer Ratio and Noise Figure
C.1.2.1. Definition of RF Power Transfer Ratio and Noise F igure*

The RF power transfer ratio, or RF power gain G , of the link is defined as the
ratio of the RF power at the link output to the power delivered to the link RF input by

the source:

* Much of this section appeared in section 1.2.1. of the progress report for the period 12/1/92 - 3/1/93.
There are. however. small but important changes in the iext.
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S
G=—= C.16
5 (C.16)

It is easily obtained by measuring the input and output signal power levels and finding
their ratio according to the above equation.

In general, RF amplifiers can be added before and after the optical link as shown n
Fig. C-1.

G.F @B g.F
RE —>>_> Opical _>| > = 8
Input Link Output
Link Link
Pre-amplifier Post-amplifier

Fig. C-1. Optical link with a pre-amplifier and a post-amplifier.

The overall gain G of this amplifier- optical link - amplifier system is given by:

G=G,G,,G.. (C.17)

in"" opt

where G, is the optical link gain, and G,, and G,,, are the gains due to preamplification

opt
and postamplification, respectively. G, is determined by the electrical to optical and
optical to electrical conversion efficiencies of optical components and the conversion
losses of microwave components in the link.

G,,, for the externally modulated direct detection link is given by:

Y/ 4 ) 2 .9
Goproo = [2——) (rFs) RS (C18)

where R; is the source impedance, r is the photodetector responsivity, P; is the received
optical power, P, is the local oscillator power, and V, is the voltage required to generate
a modulator phase shift of 7. The value of G, p, is dependent on the choice of

modulator operating point; in this case the operating point is chosen at the half-power
point of the sinusoidal modulator characteristic.

Noise figure measures the degradation in the signal-to-noise ratio (SNR) between
the input and output of a link and is defined as:
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N
= — C.19
GN, ( )

v
!
Z || z]e

-1

where S, and N, are the input signal and noise powers, and S, and N, are the output

signal and noise powers. By definition, the input noise power is the noise power from a
matched resistor, N, =kTB, where k is Boltzmann's constant, T 1s the resistor

temperature, and B is the signal bandwidth [2]. The output noise power can be

expressed by:
No = GN, + NB (C.20)

where AB is the additive noise introduced in the device or link. Substituting N; = kTB,

we can express the noise figure as:

F=l+— (€21
GKT

For the direct detection optical link, the noise figure is

Moo
F. =1+—B2_ c22
ob GpokT (€.22)
where
2p2 RV
Top = Rs[i-:ilo © 4+ 2grP, +1R{‘-T-] (C.23)
S

The total noise figure for the system shown in Fig. C-1 can be determined using the

following expression:

F_ -1 -
F:F;n+_ﬂ——+&’_-—l
G, G.G

L] m ‘pl

(C.24)

For the case of optical links G,G,,, <<1 so that

in" opt
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F.-1

Foe—tu_— C.25
GinGopi ( )
Expressing the terms in dB,
F=F,-G,~-G,, =F,.-G+G,,, (dB) (C.26)

This means that the noise figure can be minimized (a) using a high gain pre-amplifier G,,
and (b) increasing the optical power (corresponds to increasing G,,). The sum of the

noise figure and RF transfer ratio for the optical link is constant:

F+G=F', +G,, = constant (C.27)

Therefore, it is possible to construct a system having both desirable features of high gain

and low noise figure.
C.1.2.2. RF Power Transfer Ratios of Angle-Modulated Links

A detailed derivation of the RF power gain for an externally modulated coherent
FM link is given in this section. The derivations for the directly modulated coherent FM
link and the externally modulated coherent PM link are very similar and are not explicitly

given, but points of interest are described. The RF power gains which we present in this
section correspond to the gain G,, of the optical link section in Fig. C-1 and do not

include the impact of pre/post-amplification. G,,,, therefore, represents a measure of the

losses from imperfect electrical to optical and optical to electrical conversion efficiencies
of optical components and the conversion losses of microwave components in the link.

A block diagram of an externally modulated coherent FM link is shown in Fig. C-
2. The input voltage is of the form V(¢) = Vx(t), where V is the signal amplitude and x(7)
is a dimensionless time-varying signal. The integrator, for simplicity, is assumed to be an

RC lowpass filter with a voltage transfer characteristic

oul

V (w) 1+ jwRC

V(0 _ 1

(C.28)

This filter, which can be built in microstrip or with lumped elements, serves as a good
integrator for signals composed of frequencies far from baseband, such that wRC>>1. It
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is for frequencies in this range, therefore, that it is reasonable to expect that receiver
nonlinearities will have the dominant effect on link SFDR. If V, () =V (1), then

Vot
Vsl = 2= .j. x(¢)dt (C29)
Input
voltage ! | Phase
MY i modulator
Laser - ESSSSS)
| )
. iFer
Limite: (5 |EnV e
Lo IF
laser Amplifier

Fig. C-2. Externally modulated coherent FM link.

Assuming that a 7r phase shift is obtained from the modulator with a drive voltage
V_, the modulator output is

. Voo
P, cxp[ J(w,,,,w TR jl x(1')d +:p,s(:)ﬂ (C.30)

where P, is the optical power at the modulator output. Assuming that the

photodetectors are well-matched, the output current is*

Iepg ou (1) =

IF 6 \4fr

} {2r1/&Pw[:wAX(I)—'a')—Z( 1 )x3(’):|+2r‘\/Pst[¢..s(t)—¢nw(t)]

+ny, ,P(t)}
(C31)

* This expression is from the derivation presented in Section 2.1.1 of the progress report for the period
3/193 - 6/1/93.
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where Py is the received optical power, @,¢(r) is the phase noise of the signal laser, fj; is
the receiver intermediate frequency, and wp, is the angular frequency deviation. In this

. Py is the total received local oscillator power at the photodetector

s Wy =
case, @, VRC

and jnLo(?) is the phase noise of the LO laser. ny,,(7) is the receiver output noise

process.
Assuming that the link input and output are impedance-matched with resistance
R, and that the input signal x(t) = cosw!, the output RF power S, is easily found to be

1 Y., av Y
S ={—|[2r°P.P,| —— | R.L C.32

L, is the loss of RF signal power due to the generation of nonlinearities in the limiter and
2

: v ..
the envelope detector. The input RF power §; = ET The RF power transfer ratio 1s
S

2 2
‘ S, 1 T
Gopr et Fmy = ?‘ =(Z’TF’) 4"2&'Pw(";:ﬁ) RL, (C.33)

The RF power transfer ratios for the other links were derived in a similar manner.

For the externally modulated coherent PM link, the RF gain is

"

1Y T Y
Gop,(m.m) =(-247-) 4;'2P3Pw(-‘-/—kzj RSZL,,, (C.34)
IF T

-

which is identical to that of the externally modulated coherent FM link.
For the directly modulated coherent FM link, the RF gain is

500y

IF

GoPr(dlr.FM) =( ) 4r2PSPL0LnI (C°35)

where ¥ is the FM response of the transmitter laser diode in GHz/mA and —‘;—7- is the

)

frequency deviation. Compared to the frequency deviation of the externally

x

modulated coherent FM link, it is clear that the required value of the applied voltage V for
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a given frequency deviation will depend on the respective values of the transmitter laser
FM response and the RC time constant of the integrator.

C.1.2.3. Noise Figures of Angle Modulated Links

In angle-modulated links, the noise at the link output is not always of the form
nB in Eqg. (C.20) due to the nonlinear discrimination process. However, the derivation of

noise figure is still fairly straightforward using the formula

noise power at link output
F,, =1+ C.36
(hab) G uu)kKTB ( )

We give below the output noise powers for the coherent PM and FM links. The noise

figure is then obtained directly from Eq. (C.36).
The noise power at the output of the externally modulated coherent FM link 1s

IF )

I e (e o)+ ) - 2]

(C.37)

where Av is the laser linewidth, B is the signal bandwidth, g is the electron charge, and
f... and f,,, are the minimum and maximum frequencies in the signal band, respectively.

The noise power at the output of the directly modulated coherent FM link 1s

-

1 Y, 27)’ ATY s
Tar. FMy = RS(A.LF) [47‘ Pst[47l'AUB]+'§—;r'l-(4qr(Rg +Pw)+_R:‘)(fmu _fmm)]

(C.38)
which is identical to the output noise power for the externally modulated coherent FM

link.
The noise power at the output of the externally modulated coherent PM link is

2
1 Av | 1 1 4iT
Thews paty = RS(———4LFRC) [4r2PSPw[ - [fm - fm) :|+(4qr(PS + Pw)+—E)B]

(C39)
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C.13 Modulation Depth Limitations for External PM and External FM

For the low received powers (< 100 pW) at which coherent links are frequently
operated, thermal noise is the dominant noise at the receiver. Since the thermal noise
power is independent of the transmitted optical power while the IMD power is clearly
dependent on optical power, the optimum modulation depth (corresponding to the
SFDR) increases with decreasing optical power. Under these conditions, it is important
to know the modulation depth limitations of devices which will be used to generate
externally modulated PM and FM signals.

From our experience in our laboratory, phase modulators can normally be
comfortably operated for voltages up to 1.5 times V.. This means that the maximum
available modulation depth is about 4.71 (or 1.5 «) for an applied signal normalized to lie
between 1 and -1. This modulation depth is not exceeded for any point in the plots of
Chapter 8 or Chapter 9.

External frequency modulation requires an integrator followed by an external
phase modulator. For an integrator which can be modeled by a single-pole lowpass filter,

there will be a significant power loss since the rolloff of the lowpass filter will be
inversely proportional to @ for @R, C,>>1. Itis clear that the FM modulation index

nt
w, nV

() =V,,w R,.C

max max” it Tt

from the Section C.1.2.2, and hence that to attain the maximum

available modulation depth of 4.71, RF amplification must be applied after integration to
compensate for the power loss. A sufficiently linear region in the integrator characternstic
must be chosen such that link operation is satisfactory, but this may reduce the available
modulation depth depending on the available RF amplification. With careful construction,
an integrator can be built which will have a highly linear region which is not also high loss.

C.2 Heterodyne Interferometric Links
In this section, the derivations for the HIPM and HIFM links are provided.
Section C.2.1 contains the parallel derivations of SFDR for the two links. Section C.2.2

contains the parallel derivations of RF power transfer ratio and noise figure for the two
links.
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C.2.1 SFDR of HIPM and HIFM Links

To derive the SFDR of the HIPM and HIFM links, it is first necessary to derive
expressions for the link SNRs and nonlinearity coefficients. Both of these are easily
obtainable from the link output current. After that, the SFDR can be simply obtained

from Eq. (C.15).

Receiver

Transmitter

|Envelopel| J I

Detector

-t Em R T e EEGEnEEee®Se®e®GUneae®EGES®m®e"e e

R A I I

Fig. C-3. Phase-modulated implementation of HIPM link with novel
electro-optic modulator.

A diagram of an HIPM link is provided in Fig. C-3 for reference. The optical
fields contributed by the three arms of the modulator are given at the detector by

e,(t) = & P[1 +ng(1)] cxpi[w,,t +p[x(n)]+ o, (t)] (C.40)
e,(n)= 1/52P[1 + nR(t)] cxpi[a)at + B, sinw.t —-§+ ®, (t)] (C4l)

e,(1) = 1/ &,P[1+ ng(1)] exp i[wot +B.coswt + (pp(t)] (C.42)

where x(f) is the normalized input signal, @[ ] refers to the type of modulation (either

phase or frequency), wyr is the angular intermediate frequency (IF), b, and b; are the
phase deviations of the IF terms, &,, €,, and &, are the splitting coefficients within the

modulator, P is the laser optical power with link and modulator excess losses assumed
compensated by amplification in the link, ng(r) is the laser RIN, and j,(?) is the laser

phase noise. The delays through the arms of the modulator are assumed to be matched.
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The current generated at the photodiode, )(?), is given by

i\(t)= RP[1+n, (t)]{4 £,€,J, (ﬁ,)sin[w,,t + (p[x(t)]]
+4(y6,€,J,(B.) - VJE:£:, (B,))sin[ @[x(r)]]cos @,
&35 ([~ (B (B.) + J2(B.)5(B. ) Jcos w1 (C.43)
+[16(B(B.) + (BN (B, ) Jsinyet)

+D. C. terms + 2wzt terms + 3@t tenns+...} +n, (1) + Ang(1)

where R is the photodetector responsivity, np(f) is the contribution from the receiver
thermal noise and the shot noise, and 4 the coefficient of the DC RIN. The phase noise is
eliminated due to the equal optical path lengths through the three legs of the modulator.
The first term is the desired phase-modulated term at the IF. The second term can be
eliminated by choosing ¢, =&, =¢,=1/3 and B, =B, =B. The third term can be
eliminated by choosing 8 = 1.8. This creates only a 0.35 dB penalty from the maximum
value of J,(B), which occurs at f=2.2. If the maximum signal frequency is much
smaller than the IF, the signal bands around wyr , 2wyr , 3wyF, ... are well separated and we
can filter out all terms not around w;r. The current after the limiter is given by

(1) = S RPI,(B)sin[2af -+ ¢[x(0)]+ 9, (1) (C44)

where K is the amplitude of i5(f). The limiter suppresses all variations in the envelope of
the signal, resulting in suppression of the RIN term in the signal amplitude. To avoid
threshold effects in the limiter, the carrier-to-noise ratio (CNR) before the limiter must be
at least 12 dB [1]. The noise contribution to the phase is given by

-9 RP(1,2
0.(0)= gm0+ (14300 ) c5)

where n,, () and ng,(t) are the quadrature components within the IF band of np(t) and
ng(t), respectively. Applying the identical discriminator analysis as in Appendix C.1

gives output currents for PM and FM, respectively, of the form
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—_—_L K{-;f—[%x(m ?.(1)]+ ( 4}”) [%x(t) z-tpdx’(t) mjx’(r)dr]}

(C.46)

imru.m(')=7{ [wa(z)+ (D] + ( 411}) [@,3(r) - Baix(1)x(r) - afx’(t)]}

(C47)

The SNRs can then be written in the simple forms

SNRypy = (4RP; (ﬁ)) (2 }(,t)>
e {rhman (2] (12 ()

(C.48)

2 2 2

SNRyipy = (%) (4RP;, (ﬁ)) - ﬁeme)
| () i (B2 (143060 )

(C.49)

where the noise expressions are evaluated in Appendix A.2. Then the SFDR of both links

can be expressed by

asvR 1
—-—] (C.50)

SFDR = [
3|

where SNR, is defined as the terms in square brackets in Eqgs. (C.48) and (C.49) and ||,

2
the third-order nonlinearity coefficient, is -1-( 7 s ) for the HIPM link and — ( B )
6\ 2f Af e

IF
for the HIFM link. These terms are identical to those derived for the coherent PM and
FM links in Appendix C.1.1, where the details of that derivation are contained.
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C.2.2 RF Power Transfer Ratio and Noise Figure

The derivation of RF power transfer ratio and noise figure closely follows that
given for the coherent FM link in Appendix C.1.2.2. The reader is advised to refer to that

section for details.
4%

The HIPM modulation index ¢, 1s equal to (where V is the applied voltage

x

and V, is the voltage corresponding to a 7 phase shift in the modulator) and the HIFM

. W, .
modulation index -E“- is equal to where R, and C,, are parameters of the

4%
VeRyCinB’
integrating lowpass filter. From the output currents given in Egs. (C.46) and (C.47), the
RF power transfer ratios of the two links are easily found to be

2 2

1 16 b/ 2

GoPI(HIPM) = GOPI(HIFM) = [4f " ) -8I_1 R2P2112 (B)( V &n C ) RS:LAI (C’S 1)
I 5 nt ™~ int

This RF gain is in terms of the signal input power only; it does not include the two
supplemental sinusoidal modulator inputs required for these two links.

The derivation of noise figure is straightforward using the formula (see Appendix
C.1.2.1 for details)

noise power at link output
G kTB

Ffns) =1+ (C.52)

where the noise powers at the link outputs for the HIPM and HIFM links are

2 2 2
Nerrmy = Rsl:<ﬂ,2,,o,bp>+<ll,2,_ma,bp>+(E;-) (“’%Jo(ﬁ)) (’I;IN"P>](4I~ IRC]
IF
(C.53)

Mcrrmy = RS[("IEM' br) + ('i'z"""’ ""> * (%,:)2 (l * %Jo (ﬂ))2 <i1§,~ bp) ](Z}:)z

(C.54)

The noise terms are given in Appendix A.2.
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C.3 Homodyne Interferometric Links

In this section, the derivations for the HIPM and HIFM links are provided.
Section C.3.] contains the parallel derivations of SFDR for the two links. Section C.3.2
contains the parallel derivations of RF power transfer ratio and noise figure for the two

links.
C3.1 SFDR of HPM and HFM Links

To derive the SFDR of the HPM and HFM links, it is first necessary to derive
expressions for the link SNRs and nonlinearity coefficients. Both of these are easily
obtainable from the link output current. After that, the SFDR can be simply obtained

from Eqg. (C.15).

Signal
laser
@, (1) 3 dB couplers
/ \ A
90° |
\ }-{ optical
hybnd |
———
Receiver
v IF :
Amplifier ! Output

N D L m |Envelope S
) Limiter -" Detector J .
T

Fig. C4. Homodyhc interferometric phase modulated link.
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A diagram of an HPM link is provided in Fig. C-4 for reference. Assuming a
standard push-pull modulator structure and a 3-dB coupler transfer matrix of the form

1|1 J
7‘2’[,‘ 1], (C.55)

the optical fields at points A and B in Fig. C-4 are given by

,f§(1+g,(r)) expljo, 0] (C56)

where @, is an arbitrary bias phase associated with the modulator and all other symbols

j cxp[ j(wot + -%- o[x(1)]+ g;—")]

; 21 _%
chp[J(wot zfplx(t)] 5 )]

are as in the analysis in Appendix C.2.1.
A 90° optical hybrid has a transfer matrix relating the output fields, Eqy, to the

EAouI _-1_ 1 l EAin C57
EBour —2[1 ‘j EBin ( )

where the subscripts 4 and B refer to the two input and output ports. A 90° optical

input fields, E;,, by

hybrid can be implemented as shown in Fig. C-4. Such a device has an excess loss of 3dB
and typically requires closed loop control of a bias voltage in a manner similar to biasing a
Mach Zehnder modulator in its quasi-linear region of operation.

The currents i4(1) and ip(?) after the two photodetectors are given by

i (1) —-B-}:(H ) 1+ cos(g[x(1)]) . (1) C58)
ip(1)] 4 " 1-sin(@[x(0)]) | [Mrees(t) '

where @, is set to zero for simplicity. The form of these currents allows for the creation

of a phase-modulated IF signal through IF mixing after detection, in contrast to the
frequency-shifting during optical modulation required in the heterodyne interferometric
links. After mixing and combining, the current becomes

253




L= 5;(1 + ng(0))[ cos( @yt + @[ x(2)]) + cos( @ypt)+sin(wyet)] (©.59)

+ 1., (1)cOS(@ 1) + Moy (1)sin( @)1 )

The first large term contains the desired phase-modulated signal. It also contains
cross-terms between the baseband laser RIN and IF tones. This means that the impact of
the laser RIN on the received IF signal will be the same as if that signal were at baseband.
Therefore, the RIN suppression seen in the heterodyne interferometric links due to the
high IF will not occur in the homodyne interferometric links. As in the heterodyne
interferometric links, the RIN-cross-signal term will be essentially eliminated due to the
use of a limiter. The noise terms n,,.,(t) and n,,(?) consist of shot and thermal noise

and have worst-case power spectral densities

no ()= N, (1) = eRP+ ‘;ﬂ (C.60)

r

since the maximum received optical power at each photodetectoris P/2.
Following the same procedure as in Appendices C.1.1 and C.2.1, the output

currents for the HPM and HFM links are found to be

1
6\4fr

) [e.0)- 1302600~ 02} x’(r)dr]}

(C61)

Inpmt o (1) = { 4f, x(t)+¢n(t)] (

Dar ()] + (4]’ )[a)Ax(t) 3w? x(t)x(t)-wjx’(t)]}

(C.62)

iHFM oul(t) = T{

which are of identical forms to the output currents in Appendices C.1.1 and C.2.1. The
difference is the noise contribution to the phase, which in this case is given by

(1) = 1+ s (1)) + 10 €63

254




The quadrature and in-phase noise components have the same power spectral
densities as the original noise components [3] and hence Eq. (C.60) can be substituted in
directly to obtain the total noise power spectral density.

The SNRs can then be written in the simple forms

RPY ‘(1
SNRypw = Pa (T) - (x )) RP
(ens)+ )+ (5 ()

(C.64)

SNRHFM _ (&)2 (E)l’ Bz<x2(t)) -
B (fz,zm ,,,,) + (ﬁ,z,xn ,,,,) + (545) (’.l;zm bb)

(C.65)

where the noise expressions are evaluated in Appendix A.2. Since the received optical
signal generates photocurrents at baseband, the noises in the homodyne interferometric
links are all baseband noises. Then the SFDR of both links can be expressed by

8SNR 1
} (C.66)

SFDR = [——
3|

where SNR, is defined as the terms in square brackets in Eqgs. (C.64) and (C.65) and Ib,|,

2 2
the third-order nonlinearity coefficient, 1s l(.’i&) for the HPM link and l( B )
6\ 2f 61\ 4f

for the HFM link. These terms are identical to those derived for the coherent PM and
FM links in Appendix C.1.1 and to those derived for the heterodyne interferometric links
in Appendix C.1.2.

C.3.2 RF Power Transfer Ratio and Noise Figure
The derivation of RF power transfer ratio and noise figure closely follows that

given for the heterodyne interferometric links in Appendix C.2.2. The reader is advised to
refer to that section for details.
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From the output currents given in Eqgs. (C.62) and (C.63), the RF power transfer
ratios of the HPM and HFM links are easily found to be

2 2
1 1 n
Gops ctipmty = Copr ctiFm) =(Z}"'F‘] Erng(m) Rsan,a (C.67)

where « is the conversion loss (on the order of 6 dB) of the microwave mixers required in
the receivers of the HPM and HFM links.
The derivation of noise figure is straightforward using the formula (see Appendix

C.1.2.1 for details)

noise power at link output (C.68)
G XTB

Fiy =1+

where the noise powers at the link outputs for the HPM and HFM links are

) 2
Nenpay = Rs[("ic.« w) + (’lrzecB bb) + (%}i) (nizmvu,) ][ 4f,,1-RC) (C.69)

Newrmy = Rs |:<"r2wx bb) + <’.Ir:’ecB w) + (_I%i_’) ('ﬁzmw) ][Z;_) (C.70)
IF

The noise terms are given in Appendix A.2.
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OF
ROME LABORATORY

Mission. The mission of Rome Laboratory is to advance the science and
technologies of command, control, communications and intelligence and to
transition them into systems to meet customer needs. To achieve this,
Rome Lab:

a. Conducts vigorous research, development and test programs in all
applicable technologies;

b. Transitions technology to current and future systems to improve
operational capability, readiness, and supportability;

c. Provides a full range of technical support to Air Force Materiel
Command product centers and other Air Force organizations;

d. Promotes transfer of technology to the private sector;

e. Maintains leading edge technological expertise in the areas of
surveillance, communications, command and control, intelligence, reliability
science, electro-magnetic technology, photonics, signal processing, and
computational science.

The thrust areas of technical competence include: Surveillance,
Communications, Command and Control, Intelligence, Signal Processing,
Computer Science and Technoiogy, Electromagnetic Technology,
Photonics and Reliability Sciences.




